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Abstract
The quality of data in functional near-infrared spectroscopy (fNIRS) measurements
of human cerebral hemodynamics is essential to ensure confidence in conclusions
made. The utilization of dedicated surface-sensitive recording (short) channels that
measures the scalp is required for regressing out this background hemodynamics
and isolating activation-specific responses. Further to improvement in data quality
is the reduction of motion artifacts and ensuring adequate optical contact especially
for infant subjects.
This research consists of 3 major studies, involving adult and infant cohorts.
Firstly, a direct comparison of the regression performance of short channels was
made between two extremes of the reported range (6 and 13 mm) for adults exposed
to a visual stimulus. The contrast-to-noise ratio was significantly higher with the
6 mm regression channels than the 13 mm channels with reduction in noise due to
reduction in background hemodynamics. The improved signal of the target channel
after regression with the 6 mm channel could be due to optimal depth sampling,
that is, not penetrating too deeply to brain activity regions.
The second study involved identifying and optimizing the factors that affect the
quality of fNIRS data from individual 6 to 9 month old infants exposed to a visual
stimulation paradigm. The fNIRS headpiece was reconfigured to reduce inertia,
increase comfort, and improve conformity to the head, while preserving fiber density
to avoid missing the visual cortex activation. The protocol that delivers the visual
stimulus and rest periods was modified to keep infants engaged thus reducing motion
artifacts and maintain optical contact. The revision of the experimental process and
data rejection criteria to prioritize good optical contact allowed us to establish for the
first time, high quality hemodynamic data and stimulus-correlated fNIRS responses
from a majority of infants.
The third study implemented the principles and bench-marks established in the
prior two studies. This extended the infant research to investigate the utilization of a
short channel (5 mm) for regression and thus removal of interfering hemodynamics
that originates from the superficial tissue. The results showed that some short
channels remain sensitive to the infant brain as some stimulus-correlated responses
similar to that in longer target channels were detected. As signal quality can be
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compromised from such channels, we find that judicious choices of the type of short
channel used for regression is necessary to ensure the quality of the hemodynamic
response.
In summary, the quality of fNIRS measurements of at least adult populations,
can be improved by short channel regression. The removal of interfering background
hemodynamics, due to superficial tissue (scalp), from the target long channel, yields
higher quality cerebrally specific (brain) hemodynamics. Though a preliminary
study, results of applying a short channel to regress the longer target channel in
an infant population has been inconclusive and an extended broader study is nec-
essary. Infants present challenges to the researcher for maintaining data quality.
However a well-designed experimental protocol to keep infants focused and thus re-
duce motion artifacts and improve optical contact can ensure an improved rate of
cerebrally specific responses.
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Chapter 1
Introduction
How does the brain work? This question has intrigued and motivated researchers
in many fields to investigate the links between the brain’s structure, function and
human behaviour. Given the brain is protected by the skull and scalp (and the
deeper superficial layers), how then do we safely “look” inside the head to investigate
its inner workings? Tools certainly exist to obtain measurements from key regions
of the brain and despite limitations, provides impetus for researchers and clinicians
to investigate the neural basis of function, cognition and behaviour in both adult
and infant subjects.
Functional near-infrared spectroscopy (fNIRS) is a non-invasive optical technique
that utilizes near-infrared light to non-invasively penetrate the superficial layers of
the head and cerebral cortex to measure brain activity. Light is delivered via an op-
tical fiber at the scalp surface and travels a scattered path through the tissue and is
detected some distance apart (typically 20 to 30 mm), by another optical fiber. The
detected light intensity fluctuates in response to changes in absorptivity of the blood
caused by oxygen demand variations from such brain activity. However corrupting
noise from a number of physical, physiological and anatomical variables reduce the
quality of the measurement signals from the brain. Essentially the motivation of
this study is to address much of the interfering signals via an optical system con-
sisting of standard (cerebral penetrating) and “scalp only” channels beginning with
preliminary work with adults then focusing on upright alert infant cohorts.
Infants are more challenging to study than adults as they generate motion ar-
tifacts in the data, however can provide the answers to developmental questions
especially in the broader context of addressing gaps in knowledge of lifespan devel-
opment of the individual from infant to adult. Safe, convenient and cost-effective
methods will further provide the platform for the acceleration of studies towards
answering the questions about infant development.
Expanding upon the motivation of this work, this chapter outlines the back-
ground (section 1.1), motivation (section 1.2) and context and purposes (section
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1.3) of the research. Section 1.4 describes the significance and scope of this re-
search. Finally, section 1.5 includes an outline of the remaining chapters of the
thesis.
1.1 Background
1.1.1 Measuring Brain Activity
Activity in the brain is defined as the activity of neurons in a localized area as
a result of specific cognitive function. Brain activity results from neurons firing
(synapsing) and via the coupling with the vascular system (blood vessels) increases
metabolic demand, cerebral blood flow and consequential oxygen (O2) consumption
[8]. The fluctuations of oxygen in the blood stream (from accompanying oxyhe-
moglobin (HbO2) and deoxyhemoglobin (Hb) changes in the red blood cells) as
a result of the oxygen demand, can be measured with optical techniques which
responds with corresponding changes in intensity. Research tools can provide a
relationship between the activity of specific regions of the brain and cognitive func-
tions. The development of non-invasive research and clinical tools are accelerating
the fields of brain and cognitive study.
Brain activity as a result of cognitive function can be measured with instru-
mentation non-invasively either indirectly or directly. The techniques are briefly
compared by Aslin and Mehler [9] and by Aslin [10]. Neuronal activity can be
measured directly by electrical and magnetic field changes. Well-researched direct
methods electroencephography (EEG) and magnetoencephalography (MEG), rely
on the electrical and magnetic field respectively, that emanate directly from neu-
rons in the brain. These techniques are characterized by high temporal resolution
which is advantageous for cognitive processing however low spatial resolution makes
it difficult to determine the source of activation and corresponding pathway of ac-
tivity.
Brain activity can also be measured indirectly by changes in blood volume and
oxygenation often referred to as hemodynamics. Increased neural activity requires
increased metabolic demand at the cellular level. Increased metabolic demand in
turn requires oxygen delivered to the cell by the hemoglobin molecule present in red
blood cells. There is a correlation between the dynamics of hemoglobin changes in
the surrounding blood vessels and the neural activity detected in the localized area
as researched and established by Buxton et al. [11]
Indirect methods of monitoring brain activity include positron emission tomog-
raphy (PET) [12] and functional magnetic resonance imaging (fMRI) [13] which are
both non-optical techniques, and functional near-infrared spectroscopy (fNIRS) an
James R. Goodwin Chapter 1 21
Functional Near-Infrared Spectroscopy of the Adult and Infant Brain
optical technique. These techniques depend on these hemodynamic changes in the
brain. These methods are regarded as indirect because of the key point that brain
activation is dependent upon changes in blood volume and oxygen metabolism.
The PET technique while regarded as safe does require the injection of a ra-
dioactive isotope, and relies on the detection of photons emitted as a result of the
decay process. Typically PET is used in clinical populations, for example in tumor
detection, where the benefits would outweigh the risks of the procedure. Character-
ized by higher spatial resolution than other techniques, PET measures total blood
volume and not blood oxygenation changes.
The fMRI technique relies on the detection of magnetic fluctuations in a resonant
magnetic field. As deoxyhemoglobin is a paramagnetic molecule, neural activity can
be detected as a result of its magnetic fluctuations. The technique is character-
ized by low temporal resolution, high spatial resolution (less than magnitudes of a
millimeter).
The techniques of fMRI, MEG and PET are expensive not only when factoring
in the price of instrumentation but also with cost of the physical infrastructure to
house the equipment. Additionally, a disadvantage especially when working with
infants, is that the techniques do require the subjects to be still and are restrictive
not only with head movement but require the subjects to be lying down.
1.1.2 Near-Infrared Spectroscopy of the Brain
Franz Jobsis in 1977 [14] showed that hemoglobin (oxy- and deoxy-) among other
parameters such as cytochrome c oxidase and tissue blood volume, (from the tran-
silluminated head of a cat (under anaesthesia) and that of a adult male volunteer
hyperventilating), can be monitored and recorded for research and clinical settings.
As the oxyhemoglobin concentration is directly proportional to the absorption of
energy (infrared radiation) as described by the modified Beer-Lambert law, one can
use this parameter as an indirect measure of neural activity.
As reviewed by Scholkmann [15], the basic science research of transmitting light
through human tissue dates back to the 19th century. However it was not until 1993
on the basis of Jobsis’ earlier work in 1977, that four publications used NIRS to
study brain activity [16]. Therefore NIRS is a relatively recent non-invasive optical
method for measuring brain activity.
The NIRS technique measures changes in deoxygenated and oxygenated hemoglobin
by corresponding changes in optical absorption. The technique is characterized by
temporal resolution from milliseconds to seconds and spatial resolution in the order
of centimeters. The significant advantages of NIRS compared to PET and fMRI
are that it is less expensive and more compact in size, and far less invasive, more
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Technique Optical or
Non-
Optical
Method
Temporal Spatial Direct or
Indirect
method
EEG non-optical ms cm direct
MEG non-optical ms cm direct
PET non-optical min. to
hours
mm indirect
fMRI non-optical s <mm indirect
fNIRS optical ms-s <cm-cm indirect
Table 1.1: Summary of temporal and spatial resolutions of non-invasive techniques
to measure brain activity.
convenient and comfortable for the test subjects as all that is required (for the test
subject) is a head-piece. All of the above mentioned techniques to study brain ac-
tivity (EEG, MEG, PET and fMRI) have advantages and disadvantages as briefly
outlined and a comparison with fNIRS in terms of temporal and spatial resolution
is given in table 1.1.
1.1.3 Near-Infrared Techniques
Near-infrared spectroscopy systems can be categorized according to the fundamen-
tals of how the light is delivered into the tissue. The NIRS optical techniques utilized
are continuous wave or steady state, frequency and time domain. A comparison of
the characteristics of each technique is reviewed by Ferrari and Quaresima ([17]).
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Continuous Wave NIRS systems
In continuous wave (cw) NIRS systems, the change in the intensity of the (attenu-
ated) transmitted light is measured relative to the constant intensity of the emitted
(or initial) light. A diagrammatic representation is shown in figure 1.1a, based on
that by Scholkmann et al. [5]. The sampling rate is typically between 5 to 10 Hz and
is variable at 40, 50 or 62.5 Hz dependent on the number of sources and detectors
employed. Continuous wave systems are known for simplicity and low cost. Typi-
cally the sources are laser diodes or light emitting diodes (LED’s), the detectors are
avalanche photodiodes (APDs), and the optical channels are source-detector pairs
typically in the range of 20 to 40 mm apart. Almost all commercially available
NIRS systems are continuous-wave set ups. A list of manufacturers and an overview
of the instrumentation is contained in a review by Scholkmann et al. ([15]) and
Ferrari and Quaresima ([17]). Section 2.1.2 summarizes the cw-NIRS instrument
parameters across most commercially available devices in the market.
Frequency domain NIRS systems
Frequency domain NIRS systems employs intensity-modulated light (10-1000 MHz)
and after propagating through the tissue the attenuated intensity and phase shift
of the exiting detected light is measured. A diagrammatic representation based on
that by Scholkmann et al. [5] is shown in figure 1.1b. Frequency domain NIRS
systems are more complex because the sources (laser diodes) must be modulated in
intensity at frequencies tens of MHz or greater to enable detection of phase change
from light scattering through tissue.
Time domain NIRS systems
In time domain systems, a pulse of light (between 1-100 picoseconds (ps)) is deliv-
ered to the tissue and the arrival times (time-of-flight) when re-emerging from the
tissue are measured, as shown in figure 1.1c. Time domain systems have improved
sensitivity compared to CW systems in deeper tissues as reviewed by Torricelli [18]
demonstrated by Selb et al. [19]. Improved sensitivity can be explained by the
time-of-flight differences and correlation to tissue depth penetration. Late arriv-
ing photons are a result of more scattering and therefore greater interaction with
deeper cerebral tissue. Early arriving photons, on the other hand, are indicative of
less scattering and greater interaction with superficial tissue. The distribution of
the time-of-flight gives a measure of the interaction of the photons from which the
depth and type of tissue can be determined.
One advantage of time and frequency-domain systems unlike the continuos wave
systems, is that the optical properties (light scattering and absorption) and therefore
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(a) Continuous wave (b) Frequency domain (c) Time domain
Figure 1.1: Types of NIRS techniques: continuous-wave (a) measures the attenuated
(transmitted) light intensity relative to the constant emitted light intensity. The fre-
quency domain technique (b) measures the modulated transmitted intensity relative
to the modulated initial emitted light intensity. The time domain (c) technique mea-
sures the arrival times and corresponding intensity of the photons (presented in the
form of a time-spread function, as shown) after a very short (picoseconds) pulse of
light is delivered to the tissue. Each technique is shown with the intensity of the
incident (I0) and transmitted light (I) and thickness (L) of the medium (tissue (grey
area)) [5].
absolute concentration of oxy- and deoxy-hemoglobin can be calculated. However
for relative measurements of change in oxy- and deoxy-hemoglobin concentration,
with high signal to noise and factoring in the cost, simplicity and transportability,
continuous wave NIRS systems are highly suitable for most functional and cognitive
studies of the brain.
1.1.4 Optical Properties of Tissues
When light enters tissue, the possible interactions are absorption and scattering in
variable proportions dependent on the optical properties of the tissue. The optical
properties such as the refractive index (and the corresponding angle of incidence) are
determined by the molecular components of the extra- and sub-cellular structure,
encountered by light on its trajectory through the tissue.
Absorption involves the energy of the photon being transferred to a molecule
(or chromophore). The chromophore is the energy absorbing/transferring structure
within the molecule. If the photon is absorbed by the chromophore, the energy can
be converted to other forms such as heat, or transferred via fluorescence (photon of
lower energy emitted, which in fact is minimal in biological molecules in the near-
infrared region) or used and dissipated by non-radiated processes, such as metabolic
pathways. Scattering can occur elastically within the medium and the extent of
such scattering is a function of the variation in refractive index between different
regions within the cellular material and the angle of incidence (to a lesser extent).
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1.1.5 Near-Infrared Absorption in Tissue
The predominant chromophores in human tissue in the near-infrared region (650
to 1000 nm) are oxy-hemoglobin, deoxy-hemoglobin, melanin, water, and lipids.
Studying the absorption versus wavelength curves of the chromophores, oxy- and
deoxy-hemoglobin (1.2), the low absorbing region is an “optical window” between
650 and 900 nm. Taking advantage of the low absorbing window, the NIR light
can penetrate to the regions of interest (∼20 to 30 mm). The absorptivity of the
chromophores within the relevant tissue (scalp, skull and grey matter) can be char-
acterized by the absorption coefficient (µa) which is approximately 0.02.
Figure 1.2: Optical absorption of oxy- (HbO2) and deoxy-hemoglobin (Hb). Figure
plotted from tabulated data from Prahl [6].
More specifically, one can recognize the isosbestic point (within the optical
window) in figure 1.2, for the chromophores of direct relevance for NIRS work,
oxy-hemoglobin and deoxy-hemoglobin. The isosbestic point is the wavelength at
which two chemical species have the same molar extinction coefficient () which is
approximately 800 nm for the given window NIR. (Essentially the molar extinc-
tion coefficient () and the aborption coefficient (µa) are related measures (µa ∝
.[chromophore]) of the chromophore’s ability to absorb light.)
Calculation of the deoxy- and oxy-hemoglobin concentrations via the Modified
Beer-Lambert Law (MBLL) and explained later (section 1.1.9) requires measure-
ments of light intensity at two wavelengths, which are selected at either side of
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the isosbestic point. However optimum wavelength selection, as summarized by
Scholkmann et al. [15] is a complex mix of factors such as the tissue type and chro-
mophores, homogeneity and number of the tissue layers and even the mathematics
of the calculations involved.
1.1.6 Near-Infrared Scattering in Tissue
Tissue is highly scattering, at wavelengths in the NIR region. The scattering of
light is the dominant interaction between the photons and tissue. Scattering of NIR
light results from elastic collisions and the direction is dependent on the size of the
encountered particle, angle of incidence, wavelength of light, and refractive indices of
the scattering media. As mentioned, scattering leads to a significant increase in the
pathlength travelled by photons within tissue, and therefore increases the probability
of absorption occurring. The reduced scattering coefficient of the medium (µs) is
the probability per unit length of a photon being scattered. Scalp, skull and grey
matter are among the most highly scattering tissue, with (µs) values of between
∼ 0.7 and ∼1.1mm−1, approximately 40 to 60 times greater than corresponding
absorption values [7, 20].
1.1.7 Volume Sampling in the Continuous Wave NIRS do-
main
The distance a “diffusive glowball” of light will penetrate or extend into tissue at a
given wavelength is defined as the penetration depth (d). In a set of experiments,
Cui, Kumar and Chance [21] found that the most likely penetration depth is about
a third of the spacing between the light source and the detector. A similar approx-
imation can be made from another group, Strangman, Boas and Sutton [22], with
a general approximation of the penetration depth being approximately a third to
half the source-detector separation distance. A study using an adult brain atlas
(“Colin27 ”) from MRI data and computer simulations (Monte Carlo simulation) of
photon migration, by Strangman et al. [20] analyzed the influence of the scalp and
skull on brain sensitivity (as measured by perturbations in optical density changes
due to oxy-hemoglobin) at separation distances from 20 to 50 mm. Importantly,
sensitivity varies significantly at different regions of the head based on the difference
in scalp and skull thicknesses.
Another study by Brigadoi and Cooper [7] using a similar approach with a sim-
ulation of photon migration but with an alternative MRI brain atlas from both an
adult and infant population (and modified for diffuse optical imaging), established
the optimal penetration depth of the short channel based, on the average thickness
of the scalp and skull.
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One can conclude from both studies [7, 20] that the estimate of the penetration
depth of approximately one third to one half of the separation distance of the source
and detector is a satisfactory estimation of the penetration depth based on the
sensitivities of brain measurements, the S-D separation distances and the average
scalp, skull and CSF thicknesses.
Figure 1.3: Diagrammatic representation of A individual photon paths and B net
paths over the “glowball”.
The figure 1.3A below represents the individual photon paths through tissue as
delivered via a light source and collected at a detector at some nominal distance (20
to 40 mm) apart. Figure 1.3B shows the same scenario as in figure 1.3A, however
with a “diffusive glowball” superimposed, a result of the light emitted from the
source. The detector has no bearing on the photon density and thus is primarily
sampling a region of the “glow-ball”. This sampling region, resembling the shape
of a banana and universally accepted, is essentially the detector summing all the
contributing paths and based on the source-detector separation as mentioned, it can
be approximated to a depth of < 10 to 20 mm.
1.1.8 Beer-Lambert Law
The Beer-Lambert law is given below (equation 1.1) and describes the relationship
between absorbance, intensity of the signal (or signal strength), pathlength and the
concentration of the relevant chromophore being studied. (NB. We use the log10
and the associated molar extinction coefficient () rather than loge and absorption
coefficient (µa ∝ .c) [15, 23]).
A = −log10( I
I0
) = cL (1.1)
Where the following parameters are listed as follows:
A – absorbance (or attenuation) of the radiation
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I – intensity of the signal transmitted through the medium
I0 – intensity of the incident light on the medium
 - molar extinction coefficient
c - concentration of the chromophore
L - optical pathlength
Figure 1.4: Diagrammatic representation of incident light (I0) showing correspond-
ing transmitted light (I) and pathlength (L) through A an absorbing and B a scat-
tering medium.
1.1.9 Modified Beer-Lambert Law
The modified Beer-Lambert Law (MBLL) as developed by Delpy et al. [24] is indeed
a modified version of the standard Beer-Lambert law, which can be written as shown
below in equation 1.2. The modified Beer-Lambert Law is central to the application
of the NIRS technique because it provides a relationship between the attenuation
or optical density (OD), due to absorbance and scattering of light after exiting the
tissue being probed, and the concentration of the relevant chromophore.
The pathlength is the mean distance along which light travels from the emission
point to the detection point. The standard Beer-Lambert law provides a satisfac-
tory and well-established relationship for a non-scattering medium as represented in
figure 1.4A. However when a highly scattering medium (figure 1.4B) is considered
such as human tissue, the Beer-Lambert relationship is no longer satisfactory due
to a longer pathlength and further light attenuation beyond absorbance, the result
of a scattered path. Therefore the Beer-Lambert law must be modified to include a
factor (designated B) and known as the differential pathlength factor (DPF) to cater
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for the increased optical pathlength and a term (G) to account for the scattering
losses due to photons never reaching the detector.
OD = −log10( I
I0
) = c.B.L+G (1.2)
When changes in chromophore concentration occur dynamically with time due
to brain activity, the associated initial and final intensity changes can be measured
to calculate the change in OD, thus the MBLL can be rewritten as shown below
(equation 1.3) with the assumptions that B and G remain constant.
∆OD = −log10( Ifinal
Iinitial
) = ∆c.B.L (1.3)
The value of Iinitial (in lieu of I0), in practice is determined by a nominated
average signal (over several seconds) from the start of the time-course measurement
but before any stimulus-related hemodynamic measurement (Ifinal) is made and
when ratioed with Ifinal yields a ∆OD without the influence of the instrument
noise.
∆ODλ = (
HbO2
λ ∆[HbO2] + 
Hb
λ ∆[Hb])Bλ.L (1.4)
The oxy- and deoxy-hemoglobin chromophores can be introduced into the MBLL
equation by incorporating the sum of each chromophores’ contribution of concen-
tration and ability to absorb light (∆c), at a given wavelength (λ), as shown by
equation 1.4. [
∆[Hb]
∆[HbO2]
]
= L−1
[
Hbλ1 
HbO2
λ1
Hbλ2 
HbO2
λ2
]−1
×
[
∆ODλ1/Bλ1
∆ODλ2/Bλ2
]
(1.5)
Finally, with the given molar extinction coefficients () and the two MBLL equa-
tions at each wavelength, the unknown quantities of ∆[Hb] and ∆[HBO2] can be
calculated from the matrix equation 1.5.
Differential Pathlength Factor
The DPF is dependent on wavelength and non-linearly dependent on the absorption
coefficient (µa) and the transport scattering coefficient (µ
′
s) [25], so the DPF needs to
be determined either directly experimentally or based on empirical data (in a similar
way to using the tabulated extinction coefficients () determined by [6]). There have
been a number of publications that report the DPF [26–28] at different wavelengths
and conditions. A paper by Duncan et al [27] reports the DPF measurements for
a total of 283 neonates, full-term infants, children and adults ranging in age from
1 day to 50 years. The measurements were made using four wavelengths (690, 744,
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807 and 832 nm) at a fixed modulation frequency of 200 MHz and a source detector
separation distance of 45 mm. The results indicate a slow increasing dependence of
DPF on age (full term infant to adult) and follow a simple mathematical relationship,
summarized in the table 1.2 below. The DPF for the research conducted for this
thesis has been allocated a value of 5.0 which is consistent with the experimental
values mentioned and does not adversely affect any interpretation of the results.
Wavelength (nm) Equation for DPF
690 5.38 + 0.049A0.877
744 5.11 + 0.106A0.723
807 4.99 + 0.067A0.814
832 4.67 + 0.062A0.819
Table 1.2: Differential pathlength (DPF) values based on age in years (A) for infants
to adults at 4 wavelengths.
1.1.10 Time-courses
Revisiting equation 1.5 which utilizes the MBLL equation at two wavelengths, the
change in oxyhemoglobin (∆[HBO2]) and deoxyhemoglobin (∆[Hb]) concentrations
can be calculated and plotted against time as shown in the time-course in figure 1.5.
The time-course (figure 1.5) is that of a typical “activating” infant from our
data set that produces a stimulus correlated response to the stimulus. In particu-
lar, the red curve (∆[HbO2]) shows a rise and fall in synchrony with the stimulus
time period (∼ 10 s) and correspondingly the (∆[Hb]) shows a decrease related to
changes in relative concentration of the hemoglobin species and blood flow. It is
important to note that while periodic fluctuations occur there is an initial time lag
in both the increase in (∆[HbO2]) and corresponding decrease in (∆[Hb]) due to
brain activity essentially being a neurovascular response. Additionally, evident in
each time-course is the high frequency modulation due to heartbeat. Note that the
oxy-hemoglobin has a higher amplitude fluctuation than deoxy-hemoglobin due to
the typically higher relative percentage of oxy-hemoglobin (saturated oxygen, > 95%
in healthy adults and infants) [29, 30].
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Figure 1.5: Typical HbO2 (red) and Hb (green) data from infants. The grey bars
represent the stimulus time intervals.
1.2 Motivation
The optical system developed by Saager et al. [31] to address corrupting noise in the
brain signal and applied to an adult cohort showed that correction of the signal with
a short channel more robustly detected hemodynamic activation responses compared
to a standard long channel measurement. This optical system consisted of standard
and “scalp only” channels. The standard channels with source-detector separation
of 32 mm yielded measurements originating from stimulus related brain activity and
the scalp. The short distance channels have a source-detector separation (5 mm)
consisting primarily of scalp measurements. As a result, this physiological noise
from the scalp is subtracted (with a scaling factor) from the standard channel (brain
and scalp measurement). This mathematical process is called “regarg1ression” and
eliminates hemodynamic trends that are shared by both the scalp and brain thus
isolating trends that are unique to the brain.
Identifying and removing such shared hemodynamic trends can also be achieved
using principal component analysis [32]. More recently however regression has been
utilized by a number of research groups [31, 33–41], which involves measuring the
background hemodynamics directly and subtracting off the interference. As de-
scribed, this is typically done using dedicated “short” channels with reduced source-
detector separations, to capture the extracerebral region (primarily scalp) in order
to subtract from the “long” standard channels and thus leaving behind a cerebral
signal with reduced noise. One of our research motivations was ultimately to utilize
the regression technique with our adult and infant research based on the prior foun-
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dational work by Saager and Berger [31, 33, 34] and subsequent work by a number
of other groups [35–42], and is further explained in section 2.2.6 Regression and in
chapter 4.
A number of questions, resulted from the Saager and Berger study [31] such
as the optimal separation distance for the short channel (given there are a range
of separation distances of the short channel reported in the literature [4]. There-
fore answering such questions with the use of a newly acquired continuous wave
functional near-infrared spectroscopy (fNIRS) instrument with a dynamic range de-
signed for use with a dense array probe on an adult cohort, and extending the work
to an infant population was part of the research strategy for ultimate further infant
studies. The question of why to study infants is an important question to establish
our motivations for this research. Unlike adults, not a great deal is known about
the cognitive and functional processing of infants and thus the development of the
infant brain.
This research project is part of a larger research project funded externally by the
National Science Foundation (CBET-0931687), and the National Institutes of Health
(HD-037082). In addition, funding from the Australian Commonwealth Government
(Australian Postgraduate Award) and Queensland University of Technology (QUT)
has allowed continued research work of this project.
The overarching goal of the program of research is data quality and centered
around short channel regression for signal improvement of the long target channel,
utilizing fNIRS multi-channel instrument and focusing on alert upright infants. En-
route to achieving the projects goals however is a preliminary fNIRS study with an
adult cohort.
1.3 Context and purpose
As mentioned, this study involved both adult and infant cohorts to deal with ques-
tions of corrupting noise in the cerebral hemodynamic signal. The first research
question related to the optimal separation distance of the short channel, comparing
6 and 13 mm short channels (spanning the range of separations reported in the
literature), involved adult subjects. This question attempts to address the under-
pinning research problem, Are channels at the larger extreme (13 mm) of separation
distances that are potentially used as a regressors, sensing too much cerebral activity
during multichannel fNIRS measurements? The implications of the regressor chan-
nel probing too deeply (illustrated in figure 1.6) and thus sensing not only scalp
and superficial layers but sensing undesired cerebral activity, is that the longer tar-
get channel consisting primarily of cerebral signal, will be degraded somewhat thus
countering our goals of signal improvement.
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Figure 1.6: Two channels are shown, one long and the other short and their re-
spective penetration depths with respect to some approximate physiological mea-
surements [7]. The implications of the regressor channel probing too deeply, sensing
undesired cerebral activity, is that the longer target channel consisting primarily
of cerebral signal, will be degraded somewhat thus countering our goals of signal
improvement. (Not to scale).
One may ask why researchers would consider short-distance regressors that are
not the shortest that they can practically achieve. In practical terms, researchers
have used a greater than the minimum separation distance of the short channel
regressor. As outlined in chapter 4, section 4.1 Introduction (p.54) there has been
a considerable range of short distance channels used (5 to 15 mm). As previously
discussed, it has been established that the penetration depth of photons into tissue
is approximately one third to a half of the source-detector separation distance [21,
22]. Thus if considering a typical infant (new-born) scalp to cortex distance of
approximately 7 mm (back of head) [3] according to Beauchamp et al. [43] then a
source-detector separation (SDS) of 5 to 10 mm will yield a 1.5 to 5 mm penetration
distance. Thus theoretically such an SDS should suffice for capturing scalp only
hemodynamics. However it was not until more recent modelling of photon migration
that sensitivity to the brain was taken into consideration. That is, it has been shown
by Brigadoi and Cooper [7] that these separation distances of the source and detector
are too sensitive to the brain and capture unwanted hemodynamics from the cortex
and as a consequence may negatively impact the regressed signal.
A dense probe with extra channels (and thus fibers) creates extra bulk and
weight and increases the likelihood of motion artifacts. In our particular case, using
existing 10 to 13 mm channels that are already built into the array of the probe was
part of the motivation to simply and conveniently use the longer short channels for
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regression thus limiting the number of channels.
Finally another reason to use greater than the minimum separation distance
of the short channel regressor was that there was more stability using a longer
separation distance as the source and detector sits flush on the scalp surface and
therefore prevents light leakage.
Though our major goals and objectives centered around infant studies, the choice
to firstly test adults was based on the relative ease of testing adults compared to
infants. That is, unlike infants, adults can be instructed to remain still and therefore
regression studies with minimal motion artifacts was a logical first endeavour, espe-
cially with the first utilization of a dynamic ranged instrument designed for use with
a dense probe with multiple channels of varying separation distances. The knowl-
edge and experience gained from this first adult study provided further direction
and insight into the development of the infant version of the dense multi-channeled
probe. Subsequently a second study was conducted to establish optimized method-
ologies to acquire good quality data from infants. The second research question of
how to take such data from infants was underpinned by the research problem as
described below.
In a practical sense, infants offer optical advantages over adults for fNIRS re-
search, such as less hair, thinner scalps and skulls which are more translucent.
However they are certainly more difficult to study, as they cannot be instructed to
remain still, unlike an adult subject. Upright infants pose several associated compli-
cations for the researcher in obtaining good quality fNIRS data. A range of factors
such as motion artifacts, lack of optical contact due to hair obstruction, improper
fit of the fNIRS cap, fussiness or inattentiveness can compromise data quality. Thus
it was important to firstly investigate these factors to best optimize methodologies
to obtain high quality data from infants in order to then extend the work to study
the potential of using short channels to regress the target channel. In this second
study we identified and optimized the factors that affect the quality of functional
near-infrared spectroscopy (fNIRS) data from individual 6 to 9 month old infants
exposed to a visual stimulation paradigm.
The third study leveraged the valuable information and skills developed from
the prior infant study to design and build a probe, housing short distance channels
for potential regression with the long channels. Thus trialling a short channel that
is as short as physically practical would investigate the question of its potential
performance as a viable regressor.
The research problem underpinning this work essentially, is that while the stan-
dard target channel with a separation distance of 20 to 30 mm were probing char-
acteristically deep enough to acquire cerebral hemodynamic signal, a short channel
measurement acquired simultaneously that is not at the optimum separation dis-
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tance (i.e too long) will probe too deeply and also detect cerebral signal. The sub-
sequent subtraction of the short distance measurement from the long channel (with
appropriate scaling factor) will somewhat degrade the signal and thus is counter
productive to our major goals of improving the cerebral hemodynamics.
In summary the three major foci of this study were to investigate short chan-
nel regression in adults (comparing the extremes of separation distances currently
used), optimal data methodologies for acquiring data from infants and short channel
regression in infants.
Overall, the common goal of the research utilizing both adult and infant cohorts,
is the development of a robust system, utilizing an fNIRS multi-channel instrument
with high density probes, to enable routine non-invasive cerebral activation mea-
surements with the ability for signal regression using short distance channels. While
adult studies showed significant data improvement when short channel regression
was employed, the ultimate goal of this research was to test the adaptation and
improvement of these methodologies for acquiring and improving data from a more
challenging group, alert, upright 6 to 9 month old infants.
1.4 Significance and scope
The established benefits as discussed, namely data quality, in using short channels
to regress the standard long channels as reported by Saager et al. [31], lead to the
question of, What is the most beneficial separation distance for the short channel for
regressing out background hemodynamics? We attempted to answer this question
in a first time dedicated study of an adult cohort comparing the performance of a
6 and 13 mm short channel, which spans the range of separations currently in use.
The results of the study were published [4] and are included in this thesis in chapter
4.
The adult study provided invaluable lessons and further direction and insight into
the design and construction of the infant probe with a high density array of sources
and detectors. This critical information was applied to a second study involving 6
to 9 month old infants exposed to a visual stimulation paradigm.
As discussed, infants are difficult to study because they cannot be instructed
to remain still and as a result can move around especially when not engaged in a
task or focused on a stimulus. The high attrition rate, (around 40% [44] of data is
rejected), is due to the subsequent motion artifacts and are related to other factors
(or combinations) such as non-compliance of the infant subject, optical contact or
mismatch between the size of the head and the fNIRS head-piece.
The current literature does not address these important facets of acquiring good
quality data from upright alert infants. Thus we outline factors to optimize the probe
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design and placement, stimulus and rest protocols and optical contact to acquire
good quality data. Additionally, rather than group-averaged data, individual infant
data based on their individual time-courses is presented for the first time. The results
of the study were submitted and accepted for publication [1] and are included in
this thesis in chapter 5.
The evidence from both the first and second study establishes that the 13 mm
and 10 mm channels respectively, may be sensing (undesired) cerebral activity. In
addition, simulated data from Brigadoi and Cooper [7] that less than 3 mm is the
optimal separation distance (albeit for new-born infants), suggests that a 5 mm
channel may be a good choice as the optimal short distance channel for 6 to 9
month old infant cohorts, to regress out interfering superficial hemodynamic signal.
Following the benchmarks that have been established for acquiring infant data,
a newly designed probe with dedicated 5 mm short channels at each of the source
and detector of the standard length long channels was constructed, to investigate
short channels that we propose are not probing too deeply into the cortex and thus
enable the reduction of superficial hemodynamics. To our knowledge not reported
in the literature, we present preliminary data on a small infant cohort, the rate of
useable hemodynamic data and the fNIRS activation response to the stimulus. In
addition, regression analysis was conducted to ascertain the degree of improvement
in the signal of the standard length channel. The design allows for the performance
of two regressors potentially to be compared to a single regressor (established by
Gagnon et al. [45] and discussed further in section 2.2.7 Interfering background
hemodynamics).
It is important to note that only oxyhemoglobin was used for the analysis of
cerebral activation throughout each of the adult and infant studies. As stated in
the previous section 1.1.10 and shown in figure 1.5, oxy- and deoxy-hemoglobin are
anti-correlated with the activation responses of the latter being at least 5 times
weaker than oxyhemoglobin and was routinely observed in our data.
While including deoxyhemoglobin (with oxyhemoglobin) is important for an ex-
tensive analysis, we focused on a somewhat more basic signature of an activation
via the oxyhemoglobin increase in concentration correlated with the stimulus period.
The change in oxyhemoglobin concentration provides a sufficient and accurate sig-
nature of an activation especially since the oxyhemoglobin delivers a greater relative
change in concentration compared to the deoxyhemoglobin and thus yields a more
convenient and sufficiently accurate and reliable time-course to monitor.
As a future study, depth resolution utilizing the full range of separation distances
(10-36 mm) of the probe (used in the infant study of chapter 5) would certainly be
possible when factoring in the employment of appropriate software, such as NIR-
FAST [46]. In this infant study however, we were not focused on regression or
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characterizing depth measurements as the main point of the study was about opti-
mal methodologies for acquiring infant activation data, thus depth resolved imaging
was not undertaken.
The adult study in chapter 4 compared 6 V 13 mm channels and there was only
3 strategically positioned (shared source) 6 mm channels thus with minimal data
of this particular depth, a meaningful comparison of these two depths using such
imaging software was not possible. The final infant study in chapter 6 utilized 5 mm
short channels among other standard longer separation distance channels (20 and
21 mm). However due to the low number of infants tested and indeed being in the
early stages on fine tuning the probe and optical contact, the number of activations
was too small for a meaningful comparative study. Again, a potential future study
using such depth resolution software is certainly possible with more subjects tested.
1.5 Thesis Outline
The remaining chapters of this thesis are outlined in the following list.
Chapter 2:
Literature Review, reviews the relevant recent literature of fNIRS as applied
to adults and infants.
Chapter 3:
Instrumentation and Probe design, outlines the common instrumentation and
principles of high density arrays used for both adult and infant cohorts.
Chapter 4:
Short-channel functional near-infrared spectroscopy regressions improve
when source-detector separation is reduced, reports on a direct comparison
of regression performance between two extremes of the reported range, 13 and 6
mm, for an adult cohort.
Chapter 5:
Optimized methodology for acquisition of functional near-infrared spec-
troscopy data from alert upright infants, identifies and optimizes the factors
that affect the quality of fNIRS data from individual 6 to 9 month old infants ex-
posed to a visual stimulation paradigm.
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Chapter 6:
In practice, how short is short? Recommendations for short channel
separation distances for signal regression in functional near-infrared
spectroscopy of infants. In this infant study, the principles and benchmarks es-
tablished from the studies in chapters 4 and 5 were implemented. That is, optimized
methodologies and short 5 mm channels for regression were applied to a small infant
cohort to compare regression performance (as measured by activation flagging) on
analyzable long “target” channels and recommendations made for future studies.
Chapter 7:
Conclusions, provides a synopsis of the research, recommendations and future
directions of all of the research discussed in each chapter.
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Chapter 2
Literature Review
In 1977 Franz Jobsis [14] demonstrated changes in oxy- and deoxy-hemoglobin in the
brain of adults during voluntarily hyperventilation as monitored by near-infrared
spectroscopy, for potential use in research and clinical settings. The intervening
years until the early 1990’s saw the first clinical studies and commercial instrumen-
tation leading to the first four publications in 1993 using near-infrared spectroscopy
to measure brain function.
The past 23 years (since 1993) has seen fNIRS grow from 4 initial publications
[47–50] to a rate of over 200 per year [16]. As Boas et al. [16] discussed in a review
article in 2013 commemorating 20 years of functional near-infared spectroscopy, the
technology has been applied to brain physiology and disease [15, 17], behavioral
and cognitive development in infants and children [8, 10, 44, 51, 52], psychiatric
conditions [53], epilepsy [54] and stroke and brain injury [55]. In addition, instru-
mentation, analysis and methods are other areas of active research that pertain to
human subjects or simulated data. Though the subjects studied in our research in-
cluded both adult and infant cohorts, the major foci of our study as mentioned was
short channel regression and optimal methodologies for acquiring data from infants.
2.1 Functional Near-Infrared Spectroscopy of the
Brain
Near-infrared spectroscopy as applied to the brain particularly its function, provides
a map or image in two or three dimensions has the added term functional, thus the
technique is called functional near-infrared spectroscopy (fNIRS). This terminology
has been adapted from functional magnetic resonance imaging (fMRI) as distinct
from structural MRI which yields anatomical information.
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2.1.1 Acquisition of fNIRS Data
The generation of fNIRS data can be achieved with appropriate instrumentation
and probes designed for the specific type of cohort to be studied and is explained
in more detail relevant to this research project, in chapter 3 sections 3.1 and 3.2
respectively.
2.1.2 Continuous-wave fNIRS Instrumentation
The consequence of a critical mass of users, universities and other research insti-
tutions world-wide driving the exponential growth in research publications, is the
market for CW fNIRS instrumentation with 10 manufacturers offering a diverse
range of almost 20 devices well-suited for research and clinical needs. A summary
of instrument manufacturers and their corresponding properties are listed in a re-
view by Scholkmann et al. [15], and further supplementary information such as the
history of development and the main manufacturers websites are listed by Ferrari
and Quaresima [17].
Instrument Parameter Description
Source type laser (∼50%) or LED (∼50%)
Detector type APD (∼50%) or PD (∼50%)
Wavelength of Sources 685 to 780 nm (λ1) and 830 to 850 nm (λ2)
Number of sources 4 to 16 (typical) and up to 48
Number of detectors 4 to 32 (range)
Source-detector separation 20, 25, 30 mm (typical, variable combinations)
Sampling rate 5-10 Hz (typical) and either 40, 50 or 62.5 Hz
dependent on the number of sources and detec-
tors employed
Data raw (intensity)
Software propreitary, manufacturers own or open-source
Multiplexing time or frequency (distinguishes sources and
wavelengths)
Multi-modal some (instruments interface with other modal-
ities such as fMRI, MEG, or EEG)
Portability available with ∼50% of manufacturers
Cost $10,000 (simple, few sources and detectors)
to $100,000 (whole head multi-channel tomo-
graphic systems)
Table 2.1: A summary of key parameters of most continuous-wave fNIRS instru-
ments commercially available.
The table 2.1 summarizes the CW fNIRS instrument parameters across most
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commercially available devices currently in the market. About half of the sources
are lasers or LED’s, while detectors (at the same proportion) are either of two main
types avalanche photodiode (APD) or photodiode (PD), which are usually paired
with the source types respectively. The wavelengths of NIR sources, either side of
the isosbestic point, are in the ranges 685 to 780 nm (λ1) and 830 to 850 nm (λ2).
The source-detector separation (SDS) is typically 20, 25 and 30 mm with some
systems having 40 mm channel options. The number of sources range typically from
4 to 16 and up to 48 for a few systems while the number of detectors vary similarly
from 4 to 32. In theory the number of channels (a source and detector combi-
nation), can be calculated by multiplying the number of sources by the number of
detectors. However the actual number of useable channels maybe substantially lower
due to some source-detector combinations being too far apart for any appreciable
signal-to-noise measurement. The configuration of the source and detector pairings
(collectively known as the “probe”), that is the density within the probe matrix, has
a bearing on the source-detector separation (SDS) and thus channel detectability.
Examples of probes are shown in chapters 3 and 4 and figure 6.2 in chapter 5.
The data sampling rate is typically between 5 and 10 Hz with some systems
offering sampling rates of 40, 50 or 60 Hz depending on the number of sources and
detectors employed. The data the instrument makes available (output) is usually raw
intensity levels, with software to process it being either, propreitary, manufacturers
own or open source such Homer2 software for fNIRS analysis [56] within MATLAB
(Mathworks, MA USA) or NIRFAST [46] .
Multiplexing, where the particular source within the channel and the particular
wavelength can be distinguished from other measurements of their type, enables data
segregation for subsequent calculations of oxy- and deoxyhemoglobin concentrations
and the data from multiple channels to be collected simultaneously during the ex-
periment. Multiplexing can be achieved by frequency modulation of the sources as
they are all operational during an experiment, alternatively specific time periods are
allotted for the sources to be on or off. There is an equal spread of either param-
eter across the instruments that utilize frequency or time multiplexing with two
manufacturers offering both.
Multi-modal; some manufacturers offer interfaces with other modalities and are
listed by Scholkmann et al. [15]. Portability; approximately half of the instruments
offer portability with their systems in that they are small enough to be wearable
and can transmit data wirelessly. The cost of the continuous-wave fNIRS systems
varies from $10,000 for a relatively simple instrument with few source and detector
fibers to $100,000 for a multi-channel tomographic system, thus covering a range of
research and clinical needs.
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2.2 Two-layer hemodynamic model of the head
The figure below (2.1) shows a cross-section of the human head and the comparison
to a two layer hemodynamic model of the head. In this research we are interested in
obtaining the information from the brain. The scalp, skull, and cerebrospinal fluid
(CSF) are potential interferants [57–59]. Thus the two layer head model in terms of
hemodynamics can be thought of as simply scalp and brain.
Figure 2.1: A. Representation of the head with the scalp, skull, cerebral spinal
fluid and brain layers and B. two layered simplified version of the head showing
hemodynamics: scalp and brain. (Not to scale).
Unavoidable with any fNIRS measurement (as it is a back-scattering technique)
with a channel that has a sufficient source-detector separation to probe deep enough,
is that photons travel twice through the top superficial layers of tissue consisting of
scalp, skull and CSF to reach the brain and then the detector. Thus upon completion
of the path (albeit scattered) from the source to detector, the photon has integrated
all tissue layers.
2.2.1 One Versus Two Detectors
The volume sampled and summed over all of the pathlengths consists of the aver-
aged static optical properties of scalp, bone, CSF, brain and hemodynamics (due
to absorption changes in hemoglobin species) of the scalp and brain. Therefore a
problem exists when taking a single detector fNIRS measurement of the head, as the
signals are made up of, not only cerebral hemodynamics but of scalp hemodynamics,
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the latter being a confounding variable to signal quality.
As the scalp and brain experience blood flow, hemoglobin being a dominant
chromophore therefore can be monitored with fNIRS. Since the scalp and brain are
anatomically isolated, this allows the compartments from where the corresponding
signal originates, to be more easily isolated. Scattering changes within the tissue
are considered negligible as the optical properties are considered to be constant as
previously discussed.
A solution to the problem of interfering scalp signals is the introduction of a
second detector with a relatively short (∼ 5 to <10 mm) source-detector separation
distance (figure 2.2B) which penetrates mostly to the superficial layers and thus
allows subtraction (with a scaling factor) from the signal accumulated from the first
detector. This approach has been investigated by Saager, Telleri and Berger [31] by
the use of a second detector, with a short separation distance of 5 mm channel and
is discussed further in section 2.2.7.
Figure 2.2: Comparison of the tissue volumes probed using A. one detector and B.
two detectors. (Not to scale).
2.2.2 Components of the Hemodynamic Signal
The model presented above takes into consideration only the simple case of hemo-
dynamics of the brain and scalp. As Scholkmann et al. summarizes [15] there are a
number of components that can constitute a given fNIRS signal. Certainly depend-
ing on the nature of the research a number of factors have to be considered such
as whether the signals could be due to (all or combinations of), a stimulus/task
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experiment (evoked or non-evoked), a neuronal or systemic response or cerebral or
extracerebral factors.
The scope of our research discussed in detail in the later chapters, investigates
a well researched visual stimulus protocol (evoked) and thus our assumptions are
that stimulus correlated responses are likely due to a cerebral responses and other
contributors to the signal (as noted) do not impact on our results.
2.2.3 Estimated Physiological Measurements of Scalp, Skull
and CSF
It is difficult to obtain cross-sectional measurements of the head. There are only
a few studies that have investigated the overlying tissue by near-infrared or radio-
graphical methods. Anatomical measurements of the head and brain for fNIRS
investigations relies upon the processing of MRI data. The table below (2.2) is a
comparison of scalp, skull average measurements from three groups Oldendorf and
Iisaka [60], Strangman, Zhang and Li [20] and Brigadoi and Cooper [7] that have
reported mean scalp, skull and CSF (in the case of the latter group, Brigadoi and
Cooper).
Oldendorf and
Iisaka [60]
Strangman,
Zhang and Li
[20]
*Brigadoi and
Cooper [7]
Scalp (mm) 4.85 (+/- 1.06) 6.9 (+/- 3.6) 7.43
Skull (mm) 5.96 (+/- 0.69) 6.0 (+/- 1.9) 5.01
CSF (mm) - - 2.07
Table 2.2: Comparison of scalp, skull average measurements from three research
groups. *The data as reported from Brigadoi and Cooper is the “most common
data combinations” and includes CSF.
The Oldendorf and Iisaka [60] study reports dimensions based on radiographical
data from 10 male subjects (postmortem) for the purpose of measuring the interfer-
ence of scalp and skull from brain isotope measurements. The Strangman, Zhang
and Li [20] study for the purpose of investigating the influence of the scalp and skull
on fNIRS measurements utilizes a widely used MRI adult head atlas (Colin27 [61])
which compromises 27 scans from the one individual. The Brigadoi and Cooper
[7] study determined the optimum source-detector separation for both adults and
infant populations. The head models utilized for the adult component of the study
are from another widely used MRI atlas (MNI-ICBM152 [62]) averaged from 152
individuals and similarly the infant head model is based on spatially averaged and
segmented MRI data from 324 infants (160 female) between the ages of 27 and 47
weeks (post-menstrual age) as discussed in detail by Brigadoi et al. [63]. These
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MRI atlases (both adult and age-appropriate infant and child) converted for use in
diffuse optical tomography (DOT) systems and topographic fNIRS are a very use-
ful advancement for not only computer simulation work with photon migration but
co-registration with fNIRS data which provides confidence in location accuracy of
brain tissue for future clinical applications as demonstrated by Lloyd-Fox et al. [64].
2.2.4 Penetration Depth
As discussed, the penetration depth of NIR light is related to the distance between
the source and detector. Generally speaking penetration depth is about one third
to one half of the distance between the source and detector. Typically a fNIRS
measurement using a source-detector distance of between 30 and 40mm would yield
a penetration distance of ∼10 to 20 mm. The sampling volume would include the
superficial tissue (scalp, skull, CSF) and cerebral tissue. In the system developed
by Saager and Berger [34] and Saager et al. [31] this source-detector pairing of the
“long” channel is termed the far channel.
An additional measurement using a second detector at a distance between that
of the above mentioned source and detector would yield contributing signals from a
smaller sampling volume primarily consisting of the superficial tissue of the scalp,
skull, CSF and minimal cerebral tissue. In the system developed by Berger and
Saager this source-detector pairing of the “short” channel has been termed the
near channel.
The shortest source-detector separation distance in multiple channel instruments
used by other research groups is between 15 and 20 mm [22, 65, 66] yielding an
approximate penetration distance of 5 to 10 mm. If such a channel was used as
the near channel and given the brain and scalp is approximately 10 to 20 mm thick
[7, 20], then after subtracting it (with a scaling factor) from the far channel, there is
a possibility of too much cerebral signal being taken out of the final measurement.
The work by the Berger group [31, 34] investigated the use of a 5 mm near (short)
channel and concluded that the use of this second channel improved the quality of
the cerebral signal by removing the interfering hemodynamic signal from the scalp.
2.2.5 Optimal Short Channel Separation Distance
As investigated in our research [4], a 6 mm short channel was used for our adult study
with a corresponding approximate depth penetration of ∼2 to 3 mm, as previously
explained [20–22]. We have hypothesized such a short channel, will minimize the
amount of cerebral tissue that will be subtracted and thus improve the quality of
the signal for an adult subject as the average scalp distance can be estimated as
between ∼5 and ∼7 mm [20, 60]. Further theoretical support of the benefit and
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recommended separation distances of the short channel for both infants and adults,
is from Brigadoi and Cooper [7] who suggest a source-detector separation distance
of ∼8.44 mm is optimal to remove interferring hemodynamics.
2.2.6 Regression
The reduction of the superficial hemodynamics associated with the scalp from the
hemodynamics of the long “target” channel signal which contains both superficial
and cerebral hemodynamics, involves a weighted subtraction (regression).
The weighted (or scaling) factor required can be calculated by a number of
methods such as least squares minimization [31, 34, 67, 68], adaptive filtering [36–
38], independent component analysis [69] and state space modelling [40, 41] and as
described by Scholkmann et al. [15]. The method chosen to calculate the scaling
factor was the least squares method and as described in earlier work by Saager and
Berger [33] a coefficient designated α, is calculated by the fit of the ∆HBO2 data of
the short channel to that of the long channel by least squares, according to equation
2.1 below.
α =
[short channel]
′
.[long channel]
[short channel]′.[short channel]
(2.1)
Where the following parameters are listed as follows:
α = scaling factor
[short channel]
′
= transpose of the ∆[HBO2] short channel timecourse data
[long channel] = ∆[HBO2] long channel timecourse data
[short channel] = ∆[HBO2] short channel timecourse data
The short channel multiplied by the co-efficient α is then subtracted from the
long channel to yield the resultant, the regressed long channel timecourse data, as
summarized by the equation 2.2 below.
regressed long channel = long channel − α× short channel (2.2)
2.2.7 Interfering background hemodynamics
Most fNIRS research utilized a single source-detector or channel to probe the cere-
bral region of interest. Usually averaging the signal over multiple trials provides an
improved profile of the change in oxyhemoglobin (∆[HbO2]) compared to the un-
correlated hemodynamics which are systemic and can arise, for example from blood
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pressure, respiration or Mayer waves. These signals are confounding in that they
have similar amplitudes and temporal frequencies [15, 70].
Introducing a second detector as explained in section 2.2.1, essentially a second
channel (which shares the source), can be used to acquire background (extracere-
bral) hemodynamics from the superficial tissue (scalp) and other systemic signals
in common with the deeper layers. Subtracting this signal from the long “target”
channel with a scaling factor can yield an improved signal by reduction or removal
of these extracerebral contributions and in some circumstances reveal activations
that would otherwise be undetected. A number of groups have investigated this
approach [31, 33–41].
Further to the correction for (or minimalization of) extracerebral contributions
are an improved signal-to-noise time-course and associated shape of the activation
(explained further in the section Contrast-to-noise ratio calculation in chapter 4)
and a more accurate measurement especially in terms of the temporal domain of
the brain activation. Additionally, the shape of the activation signal (characterized
by a skewed Gaussian mathematical fit also explained in the aforementioned sec-
tion) is important for establishing a bench-mark for objective accurate flagging of
activations.
As briefly introduced in section 2.2.1, Saager et al. [31] developed a two detector
system consisting of two 5 mm short channels and six 32 mm long (target) channels.
The quality of the long channel (one detector system) before scaled subtraction with
the short channel (regression, section 2.2.6) was compared to that after regression
(two detector system). The quality measures used were, the statistical confidence
that the increase in [HBO2] was significant and the signal and noise levels (based
on mathematical fits of the data). The researchers established that using a short
channel to regress does eliminate uncorrelated hemodynamics, enables the target
channel to be more easily identified and improves the overall quality of the flagged
activation from target channel.
Another aspect to consider is the short channel proximity to the target channel.
The question of whether the performance of the short channel regression of the long
channel, as measured by contrast-to-noise ratio (CNR, similar to that used above),
was impacted by the distance apart from each other (midpoint to midpoint), was
investigated by Gagnon et al [41]. The conclusion was that the regressor channel
must be as close as possible to (less than 15 mm from) the long channel for any
worthwhile benefit to be evident.
In further work by Gagnon et al. [45] a probe was designed with two short
channels (both at 10 mm) one at the source and the other at the detector. It
was shown that utilizing 2 short channel regressors reduced the noise in the target
channel (30 mm) by 59% compared to 33% with one regressor.
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The initial work by Saager et al. [31] established the benefits in using a short
channel to improve the signal and earlier work by the Berger group investigating the
computer model of removing interfering trends in 2-layered turbid media systems [33]
and the investigation of different source-detectors configuration to remove interfering
hemodynamics [34], has set a platform and motivation to answer further questions.
These questions such as the optimal separation distance for the short channel for an
adult cohort (as investigated by Goodwin et al. [4] and included in chapter 3), with
the view of extending these questions of interferring background hemodynamics to
infant populations as fully investigated in chapter 4).
2.2.8 Functional Near-infrared Studies of Infants
Infant fNIRS studies have ranged in age from newborns and neonates to over 12
months. The review by Cristia et al [44] includes all infant studies (encompassing
those listed by Lloyd-Fox et al. 2010 [8]) using near-infrared light from the first
publication by Meek et al. in 1998 [71] to 2012. This comprehensive review includes
a linkable excel file which contains a comprehensive list of variables pertaining to
fNIRS studies. A majority of studies are grouped in the newborn or 4 to 8 months
old categories as commonly studied according to Cristia et al. [44]. Similar to the
age range in our study, studies in the age range of 5 to 7 months [10, 51, 72–76],
have focused on the occipital, temporal, and parietal cortices.
Infants are more difficult to study than adults as they cannot by instructed to
remain still and can be prone to fussiness and inattentiveness. Beyond the con-
sequential motion artifacts or (at minimum) optical contact being compromised,
there are further complications for the researcher to contend with, such as hair and
improper fit of the fNIRS headpiece which again can impact on optical contact.
Investigations by Cristia et al. [44] and Lloyd-Fox et al. [8] and our own analysis of
selected papers in the age range (5 to 8 months) similar to our study, reveals that
∼ 40% of data (at the infant level) are rejected for these reasons.
These factors and being less tolerant of, confined environments (fMRI and MEG),
radioactive tracers (PET) and application of elecrodes EEG, limits the number and
type of experimentation that can be undertaken non-invasively. However as Aslin
[9] points out, fields such as neuroscience and developmental psychology are at least
buoyed by the potential of fNIRS due to its non-invasive nature, less restrictive of
motion, and being relatively inexpensive compared to the magnetic-based technolo-
gies of (fMRI and MEG).
There were a total of 76 publications (articles and theses) of fNIRS infant studies
since the first one by Meek et al. in 1998 [71] in 14 years until 2012 [44] compared
to 200 publications in just one year alone in 2012 (though covering all age groups
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from neonates to adults). While the number of infant studies will likely consistently
lag behind that of child and adult studies, there is still a large differential between
the number of studies in each group.
An approximate tally over the last 3 years (to the end of 2015), of at least
44, brings the total number of publications of fNIRS applied to infant cohorts to
over 120 publications. Therefore, there has been greater than 50% increase in the
number of infant publications over the last 3 years and is evidence of the rapidly
growing implementation of fNIRS for the fields of cognitive and neuro-sciences and
developmental psychology.
The broad potential of fNIRS has been recognized as evidenced by the recent
review articles by Aslin et al. [10], who compares the technique with fMRI for infant
cognition, provides a survey of important areas of study and includes a particular
focus on improving fNIRS data quality. Another review by Vanderwert and Nelson
[52] covers typical and atypical development and lists recent studies across broad
areas such as attention, face perception, language, object permanence and action
observation and summarizes the main findings, common among them being an in-
crease in [HBO2]. In particular, a cross section of some interesting research includes
cognition and learning [77], face recognition [78–80], shape processing and motion
[81, 82], color priming [83] and neonates [84, 85].
Though we are not studying neonates specifically research of this cohort can
by regarded as a subset of the broader field of infant development. Nonetheless
neonates offer a unique group to study such as language and memory. Neonates
are considered a group at risk of neurodevelopmental delay and to date there has
not been dedicated study to investigate any comparative differences in the neural
developmental markers compared to full-term infants.
There are two major infant groupings according to Cristia et al. [44] that have
been most commonly studied: newborns and 4 to 8 month old infants. Studies in
the age range of 5-7 months [10, 51, 72–76], similar to the age range in our study,
focused on the occipital, temporal, and parietal cortices.
There have been very few studies that assess the reliability of fNIRS as Aslin
discusses [51], which is needed to advance the use of the technology to address
fundamental aspects of perception, cognition and language. However, one particular
more recent study that provides tools to do so and to enhance the degree of accuracy
in acquiring infant fNIRS data, is a study by Lloyd-Fox [64]. As Aslin points out
[10] an inherent weakness in the fNIRS system, is the absence of a scalp surface
(to cortex) map to pinpoint the location of an activation in the brain. That is
fNIRS does not provide any anatomical information, thus a system to reference the
region of the head that is being illuminated with the underlying cortical structure
can provide some degree of validity as to the origins of the signal. To this end, the
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study by Lloyd-Fox and colleagues coregistered fNIRS and MRI data from 55 infants
to create a standardized surface map of fNIRS channel locators to enable reliable
mapping onto the key relevant cortical regions for 4 to 7 month old infants.
Aslin [10, 51] acknowledges some prospects for improving the quality of infant
fNIRS data, one being the scaled subtraction of the short channel from the long
target channel (regression) to remove interfering hemodynamics. Liao et al. [42]
demonstrated in a study of sleeping newborn infants an improvement in CNR by
a factor of ∼3 by implementing the regression of a 10 mm short channel with a 23
mm long channel.
The study by Liao and colleagues [42] is to our knowledge the only one that
utilizes a regression technique in infants (albeit sleeping). In addressing the shortfall
in the literature, namely the challenges posed to the researcher studying upright alert
infants and utilizing regression methods, our research has investigated the following:
firstly, the limiting factors for acquiring high quality data from infants, essential for
the fields mentioned and included in chapter 5, and secondly, the regression analysis
using 5 mm short channels as investigated in chapter 6.
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Chapter 3
Instrumentation and Probe Design
3.1 Acquisition of fNIRS Data
As explained the generation of fNIRS data can be achieved with appropriate instru-
mentation and probes designed for the specific type of adult, child or infant cohort
to be studied. The figure below (3.1) is a diagrammatic representation of the fNIRS
instrument set up showing the initial flow of photons to the eventual visualization of
the data. The path of photons can be traced from the source optical fiber(s) to the
head of the subject while observing a stimulus (presented on a computer (2) monitor
or as a live scene). The photons continue along a scattered path through the tissue
layers of the head and brain and onto a nearby detector fiber coupled at the surface
of the scalp. The photons then travel via the detector port(s) of the instrument to
the detector device where light intensity fluctuations are obtained, processed and
recorded by the main instrument computer (1) for the ultimate visualization of the
data.
The figure below (3.2) is a photograph showing the general layout of the fNIRS
instrumentation for acquiring adult and infant data. As labelled are the fNIRS
instrument (on a wheeled cart) with optical fibers connected. The computer con-
trolling the instrument and the presentation of the presentation stimulus are shown.
The figure below (3.3) is a photograph of an adult subject wearing a probe of
high-density array of sources and detectors probe positioned at the back of the head
and designed to measure visual cortical response to a visual stimulus (checkerboard
(as shown) cycling at rate of 3.4 Hz).
Near-infrared spectroscopy as applied to the brain particularly its function (es-
pecially in more recent years) uses the word functional thus functional near-infrared
spectroscopy (fNIRS) will be used to describe the technique.
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Figure 3.1: Diagrammatic representation of the general layout of the fNIRS instru-
mentation used for this research for acquiring adult and infant data. The initial flow
of photons to the eventual visualization of the data can be traced from the source
optical fiber(s) to the head of the subject while observing a stimulus (presented on
a computer (2) monitor or as a live scene). The photons continue along a scattered
path through the tissue layers of the head and brain onto a nearby detector fiber
coupled at the surface of the scalp. The photons are detected at the instrument
after traveling along the detector optical fiber(s) where light intensity fluctuations
are obtained, processed and recorded by the main instrument computer (1) for the
ultimate visualization of the data.
3.1.1 Diffuse Optical Tomography
The fNIRS instrumentation that was utilised for our adult and infant studies was
designed by the Culver group [39, 65, 66] and is capable of not only topographic two-
dimensional images of brain activation at the cortical surface, but has the capability
of producing high quality tomographic image maps (3-dimensions) of the human
cortex. This type of system is known as diffuse optical tomography (DOT). The
instrumentation specifications are detailed by Zeff et al. [39] in the supplementary
information section.
This fNIRS system consists of a high density grid of source and detector pairs
(channels) which yields overlapping signals and is combined with an instrument
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Figure 3.2: General layout of the fNIRS instrumentation for acquiring adult and
infant data: A. fNIRS instrument, B. computer instrument control, C. computer
stimulus control and communication with instrument, D. head-piece with probe, E.
optical fibers suspended from ceiling, F. stimulus, G. video camera, H. computer
video camera control
Figure 3.3: View from back of an adult subject’s head showing the high-density
array of sources and detectors and the checkerboard stimulus pattern displayed on
a lap-top screen.
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designed to digitally process multiple channels. The sources are LED’s at 200 µW
and the detectors are avalanche photodiodes. Processing the signals originating
from the range and number of different detector-source distances can yield quality
information about lateral and depth resolution and therefore cerebral localization.
3.2 Dense Probe Design
The particular probes coupled with this multi-channel instrument are shown in figure
3.4. The adult probe (figure 3.4A) was used in the first study and reported in the
publication by Goodwin et al. [4] and described in chapter 4. This adult probe
is comprised of 24 sources (red circles) and 21 detectors (blue squares) arranged
in the grid as shown. At each of the 24 source positions, optical fibers deliver
two near-infrared wavelengths (750 and 850 nm). The sources are interleaved with
21 detectors in a high-density array (672 possible measurements) with overall grid
dimensions of 132 X 66 mm. The rectangular grid of fibers consists of nearest-
neighbor spacings (distance between source and detector) of 13, 30, 39 and 47 mm
which are typically used as long “target channels”). Additionally, there are 3 short
distance (6 mm) channels. Each of these channels comprise of detectors that have
been moved (original position shown as a dashed (no colour) square to within 6 mm
of a source (labelled a, b and c), for a combined total of 265 channels.
Figure 3.4: Geometry of dense array of sources (red circles) and detectors (blue
squares), A adult probe showing source-detector separation (SDS) distances of 13,
30, 39, 47 mm and short channel of 6 mm and B infant probe showing SDS distances
of 10, 22 and 30 mm.
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The infant probe used in the second study and reported in the publication by
Goodwin et al. [1] and described in chapter 5 is shown in figure 3.4B above. This
infant probe by comparison with the adult probe is somewhat smaller, comprised of
8 sources and 6 detectors, however with the probe density preserved. The triangular
grid of fibers consists of nearest-neighbour spacings of 10, 22, 30 and 36 mm with
18, 16, 4 and 6 channels respectively.
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Chapter 4
Short-channel functional
near-infrared spectroscopy
regressions improve when
source-detector separation is
reduced1
4.1 Introduction
Near-infrared spectroscopic (NIRS) techniques provide the opportunity to monitor
hemodynamic activity within the human head in a low cost and noninvasive manner.
Typically, light is sent into the head at the surface of the scalp and then detected
at another location on the scalp, usually 20 to 40 mm away to ensure penetration
through scalp and skull into the underlying cerebral tissue. Fluctuations in the
detected signal are related to temporal changes in concentration of oxy– and deoxy-
hemoglobin. Using the modified Beer Lambert Law (MBLL) [5, 86] and two or more
wavelengths in the near-infrared regime, concentration changes for both species of
hemoglobin can be tracked and used as an indirect measure of neural activity.
Much NIRS work on cerebral hemodynamics is performed using continuous wave
(cw) illumination and analyzed via single source-detector pairs. In such cases, signal
averaging over multiple events is needed to isolate stimulus-related activations from
uncorrelated hemodynamic trends (such as respiration and Mayer waves) that occur
at similar amplitudes and temporal frequencies [15, 70]. Recently, however, attempts
have been made to measure the background hemodynamics explicitly and then sub-
1This chapter is from the publication by Goodwin et al. [4] and the contributions from C.R.
Gaudet and A.J. Berger are gratefully acknowledged.
57
Functional Near-Infrared Spectroscopy of the Adult and Infant Brain
tract off some of its interference [31, 33–41]. This is typically done using dedicated
channels with reduced source-detector separations, such that the interrogation vol-
ume is confined primarily to extracerebral regions. In general, the short-distance
measurement needs to be scaled or otherwise processed prior to any subtraction
from the original source-detector time series measurement (“target channel”). Such
processing can be performed using a variety of techniques that require no a priori
knowledge of the specific optical properties of the human head. Fabbri et al. [87]
first proposed using resting data to estimate the appropriate scaling factor for the
two-measurement subtraction. Alternatively, the scaling factor can be calculated
solely from the two time series themselves, using various strategies such as least-
squares minimization [31, 34], adaptive filtering [36–38], independent component
analysis [69], and state-space modeling with Kalman filtering [40, 41].
The literature exploring short-distance correction methods contains a range of
separation distances between the source and detector [31, 34–41]. Saager et al. [34],
using least-squares subtraction, obtained improved contrast to noise ratios (CNR)
in a visual-stimulation study using a short-channel separation distance of 5 mm. In
developing an adaptive-filter subtraction algorithm [36], Zhang et al. [36–38] utilized
a short-distance channel of 11 mm. Gregg et al. [35], using a high-density array,
regressed against an average of many 13 mm channels. Gagnon et al. [40, 41] have
explored multiple aspects of short-separation channel usage with a value of 10 mm.
This considerable range of short-distance values (from 5 to 15 mm) may reflect
the fact that different extremes confer different benefits. The shortest separations
are least sensitive to the cortex, providing a closer approximation to a “scalp only”
signal for subtraction purposes. On the other hand, larger separations average over
a larger scalp region, thus reducing the influence of spatial heterogeneity. To our
knowledge, there has not been a dedicated experimental comparison of two different
short-distance separations at the opposite ends of the current usage range.
A regression channel’s proximity to the target channel (center to center sepa-
ration) also affects how well the regression will reduce hemodynamic interference.
Gagnon et al. [41] recently recommended that the regression channel’s midpoint
be within 15-20 mm of the target channel’s to obtain substantial benefit. The re-
port suggests that the decrease in performance at larger offsets is due to spatial
inhomogeneity in the superficial hemodynamics.
This paper reports on a NIRS probe with dedicated pairs of regression chan-
nels with source-detector spacings of 13 mm (“short”) and 6 mm (“very short”).
This probe thus enables the same target channels to be corrected using either 6
or 13 mm data, with subsequent investigation of which method provides better de-
tection of stimulus-related hemodynamic activations. The sections below describe
the multiple-channel topographic instrument and probe design, a visual stimulation
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protocol, and the comparison of different regression approaches. Some observations
about center-to-center channel distance and single-channel vs. global-average regres-
sion are also provided.
4.2 Methods
4.2.1 Instrumentation
To enable comparisons between usage of “short” and “very short” regressors (hence-
forth S and VS, respectively), we modified an existing commercial high-density fiber
probe (Cephalogics LLC, Boston, MA; for details see reference [39]). As shown in
Figure 4.1, the basic geometry of 24 sources and 21 detectors was an interleaved
rectangular grid with overall dimensions of 13.2 x 6.6 cm. Nearest-neighbor diago-
nal distances were 13 mm, while the three next-nearest source-detector separations
in the grid were 30, 39 and 47 mm [35, 39]. The probe geometry was modified by
moving three detectors (represented by dashed squares) to within 6 mm of sources
in the grid. Three VS regression channels were thus created. For each, a single
13 mm channel sharing the same source was chosen as an S channel for comparison
in the subsequent data analysis. Figure 4.1 indicates the locations of these pairs of
channels, labeling them as A, B, and C.
Figure 4.1: Fiber bundle geometry for light delivery (circles) and detection (squares).
In the unmodified regions of the rectangular grid, nearest-neighbor source-detector
spacings are 13 mm (S channels), but relocated detectors are placed 6 mm from
sources at labeled locations A, B, and C to provide three VS channels. The circle
around location B (radius 25 mm) indicates the zone of target channels considered
“near to B” in the data analysis; see text for details. N.B.: view from back (convex
side) of the NIRS head-piece. Key: dashed squares - vacated detector gridpoints,
shaded squares - selected detectors for S/VS comparison.
At each of the 24 source positions, optical fiber bundles delivered near-infrared
LED light at two wavelengths (750 and 850 nm). The bundles were coupled to the
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head with a flexible, thermoplastic cap molded to fit the back of the head over the
visual cortex. Each detector sampled light from all sources for a total of 672 possible
measurements; of these, the 265 channels with source-detector separations of 47 mm
or less were retained for analysis. Further details about the system’s electronics have
been published previously [39].
Each time series of detected power at the two wavelengths was converted to
changes in optical density and subsequently to changes in oxy– and deoxy-hemoglobin
concentration times pathlength [88] using the modified Beer-Lambert Law. To ren-
der the changes in familiar units of average µM over the optically-explored volume,
the values were divided by a differential pathlength factor (DPF) of 5. This par-
ticular DPF (for both wavelenghts), close to values reported for adults by Duncan
et al. [27], does not affect any of the conclusions presented below and through-
out the infant studies in chapters 5 and 6 and does not attempt to assign partial
pathlength in the brain. Time series were high-pass filtered by subtracting off a 25-
second moving boxcar average, and were low-pass filtered by performing a first-order
Savitzky-Golay smooth [89] over a 4-second window.
4.2.2 Protocol
Visual stimulation was provided by a flickering black-and-white radial checkerboard
pattern. The pattern was presented covering a 15” laptop screen, approximately 18-
24” from the seated subject. During stimulus periods, the contrast of the pattern
would reverse at a rate of 10 Hz. During rest periods, the subject was shown a
solid grey screen with a small cross-hair in the center to maintain a central fixation
point. The duration of the stimulations was 10 seconds, while the rest period was
varied between 15 and 35 seconds to reduce habituation. A typical trial contained
six visual stimulation epochs and lasted approximately three minutes.
Nine healthy subjects (age range: 19-40; 4 female) participated in this study,
which was approved by the University of Rochester Research Subjects Review Board
(RSRB). Because most subjects sat for two trials, the total number of data runs was
17. The probe was placed over the occipital lobe, using the inion as a fiducial marker
on the scalp. The center of the probe was placed approximately 1 to 2 cm above
the inion, aligned along the midline. The probe’s width of 13.2 cm was enough to
span the right and left occipital cortex.
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4.3 Analysis Methods
4.3.1 Correction modalities
Every target channel’s time series of oxyhemoglobin concentration change was pro-
cessed six separate times, once using each of the correction channels (3 VS and
3 S). The regression process, which has been described previously [33], performs
scaled subtraction of the VS or S channel by least-squares minimization, producing
a corrected time series. Each of the six regressions yielded a separate result. As a
baseline for comparison, the data were also analyzed using no regressor at all.
As Gagnon et al. [41] have reported, correction channels provide more benefit if
they are located within approximately 20 mm of the target channel, center to center.
Since the headpiece in this study provided a range of center to center separations
up to 40 mm, a wide range in correction quality was expected. For this reason,
regressions were only analyzed for cases where the target channel’s midpoint was
within 25 mm of the VS regressor’s midpoint (this radial distance from position
B is indicated by the large circle in Figure 5.1). Since the VS and S midpoints
were not identical, the center to center separations from each target channel were
also different. In regions A and B, there was no overall bias; in region C, the VS
midpoint was always several mm farther away due to its placement at the edge of
the probe. This created a bias against VS by reducing the spatial overlap, but since
there were fewer channels corrected by C, the influence of this bias in the overall
statistics was minor.
All target channels in our probe were within 25 mm of at least one 6 mm cor-
rection location (A, B, or C); some were that close to two.
4.3.2 Metrics
Noise-reduction methods are most relevant in cases where there is an underlying
signal to detect. This study focused upon channels in which stimulus-evoked activa-
tion signals were observed. To compare the noise-reduction methods quantitatively,
a performance metric had to be developed. We quantified performance based upon
the contrast-to-noise ratio (CNR) of the activation responses, as will be described
shortly.
By sensing extracerebral hemodynamics, short-distance correction methods re-
duce their contribution in target-channel measurements, ideally leaving “brain-only”
responses behind. When stimulus-evoked hemodynamic activity has occurred in the
brain (i.e. in the case of a “true positive”), the correction process should increase the
CNR of the NIRS measurement. Our chosen performance metric therefore implies
that higher CNR correlates with better correction.
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It must be noted, however, that stimulus-evoked activity can instead occur in
the extracerebral vasculature, for example via a flushing response. Since the evoked
hemodynamic signature appears in the short-distance measurement as well, the
correction process will tend to reduce it in the target channel recording. In such
instances (the correction of a “false positive”), the hallmark of proper correction is
now a decrease in CNR. In a study with roughly equal numbers of true and false
positives, CNR would be a poor metric for successful signal correction. In order
to use CNR as a metric in this study, it was necessary to create a situation where
true positives greatly outweighed false positives. The validity and limitations of this
assumption will be revisited after the results are reported.
Activation flagged channels
Activation-flagged channels (AFC’s) were defined in part by a net rise in oxyhe-
moglobin concentration during the stimulation interval, as in previous work [31].
Specifically, the average rise in oxyhemoglobin concentration over the multiple stim-
ulation epochs had to be significantly positive (one-sided t-test). The rise was cal-
culated using 4-second windows centered on the onset and termination of the visual
stimulus. For the t-test, the p-value was adjusted to account for multiple compar-
isons [90, 91] by dividing the target threshold for significance by a value related
to the number of independent recording channels NI . In this case, the number of
channels analyzed was 265, but the time series were not fully independent, due both
to overlaps of measurement volumes and to spatial correlations of hemodynamics
over the measurement field. We chose a conservative, empirical value of NI = 100
and a confidence level of 95%. With those inputs, the threshold for flagging activa-
tions was set at p ≤ 0.0005 to determine whether the average rise in ∆HbO2 was
significantly greater than zero in any single channel. If a channel passed the t-test
in any regression mode (VS, S, or no-regression), it passed to the second round of
analysis.
Contrast-to-noise ratio calculation
For each channel that passed the t-test, the corrected and uncorrected NIRS-measured
oxyhemoglobin responses were each modeled using a skewed-Gaussian hemodynamic
response function, as described previously [31]. A fit was performed for each stimu-
lus epoch over a 25-second window, starting at the onset of the 10 second stimulus
and ending 15 seconds after the conclusion of the stimulus. As shown in Figure 4.2
below, “contrast”(C) is defined as the maximum amplitude of the skewed Gaussian
fit, and “noise” is defined as 4 times the standard deviation of the residual, thus
giving barely-visible signals a contrast-to-noise ratio (CNR) of approximately unity.
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It is important to note that the “noise” (green line in Figure 4.2) is largely physi-
ological (and not measurement-error related) and reduction in such is thus due to
a reduction in background hemodynamics. The average CNR of a channel’s epochs
served as an additional criterion for flagging activations (〈CNR〉 >1). Specifically,
this guarded against multi-peaked hemodynamic oscillations that happen to pass
the t-test by being randomly higher at the end of most epochs, but do not resem-
ble single-peaked responses. In practice, all channels passing the t-test in these
experiments also met the CNR criterion.
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Figure 4.2: An example of calculating contrast and noise values for a single stimulus
epoch. The solid blue trace indicates the ∆HbO2 time series after regression against
a 6 mm (VS) channel. The skewed-Gaussian fit (dashed magenta) results in a noise
residual (green) whose standard deviation is calculated.
AFC status was assigned to a channel if the t-test and CNR criteria were both
satisfied for at least one regression modality (S, VS, or no regression).
Comparison of short-distance regression modalities using CNR values
As just noted, all correction modalities (including no-correction) participated equally
in the selection of AFCs. This was done to eliminate bias.
The analysis consisted of testing whether one correction method (A) tended
to produce higher or lower CNR values than another method (B). Specifically, an
additional two-sided t-test checked whether the average value of log [CNRA/CNRB]
was significantly different from zero. A positive (negative) value meant that method
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A (B) produced significantly larger CNR.
Global regression
Although the main purpose of this work was to compare different single correction
channels at different separations, regression does not have to be performed using a
single recording channel. Another option is to use an average over multiple channels
that span a larger area of the head. This is a particularly attractive approach with
high-density optode arrays intended for tomography (such as the probe for this
study), where shallow-probing short-distance channels are already present. In this
case, the multiple-channel average spatially characterizes the “shallow signal” over
the entire area of study. Useful results of such “global average” regressions have
been reported [35].
The present headpiece had only three 6 mm channels, so a “global 6 mm” record-
ing was not available. 13 mm channels were present throughout the probe, however,
and so the global average of the 13 mm channels was therefore calculated and used
as yet another type of regressor for correction.
4.4 Results
Representative time-series data from one subject corresponding to one target chan-
nel (30 mm source-detector separation) are shown in Figure 4.3. The uppermost
trace (a) shows the oxyhemoglobin changes calculated using the target channel’s de-
tector alone. The fluctuations are not strongly associated with the visual-stimulation
intervals (shown in grey). A very short (VS) 6 mm trace (b) was acquired nearby
(in this case, sharing the same source location); it exhibits some of the same fluc-
tuation features, as did the similar-looking S trace (c). When the VS trace (b) is
least-squares-subtracted from the original signal, the corrected response (trace d)
exhibits a much stronger correlation with the stimulus onsets. (Epoch 9 of this cor-
rected response, marked by an asterisk, was used to illustrate the CNR calculation
in Figure 4.2.) The associated correction using the S channel appears as trace (e).
Activation channels were flagged in 13 of the 17 total trials analyzed; these AFCs
came from six of the nine subjects. In all, a total of 467 AFCs were designated.
Different ways of analyzing the AFCs are discussed below.
4.4.1 VS vs. no regression
Figure 4.4 compares very-short regression (VSR) to no-regression (NR). Specifi-
cally, CNR6mm was calculated for each AFC and scatter-plotted against the cor-
responding value of CNRNR. As noted above, a few target channels were within
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Figure 4.3: Representative time-courses of target, regressor and “corrected” chan-
nels. a: large-separation target channel; b, c: VS (6 mm) and S (13 mm) regressors;
d, e: “corrected” responses using VS and S regressors.
25 mm of two VS channels (A, B, or C); these channels have two data points
in the figure, corresponding to correction by two different 6-mm channels. The
scatter plot clearly shows most points (317 out of 467) lying above a 45-degree
line, suggesting that the regression improved the CNR on average. The two-sided
t-test of log(CNR6mm/CNRNR) confirmed that the improvement was significant
(p < 0.0001). Significant improvement was also found for the S correction (data
not shown). These results, consistent with prior work [31], serve as a baseline check
before proceeding to comparisons of different correction methods.
This scatter plot also reveals information about the relative prevalence of true
and false positives among the AFCs. Of the data points where the CNR in one
modality is at least 2X greater than the other, the larger CNR almost always belongs
to the VS correction (i.e. such points lie above, not below, the unity line). According
to the idealized model discussed earlier, if a correction method increases the CNR
this implies a true positive. Since almost all of the strong changes went in this
direction, this suggests that the experimental design (adult volunteers watching a
strong visual stimulus for many epochs) led to many more true positives than false
positives.
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Figure 4.4: Scatter plot of CNR from VS regression (6 mm) versus CNR from no
regression, for all “near-corrected” AFCs (correction channel 25 mm or closer to
target channel, center-to-center). A dashed unity line is provided to guide the eye.
317 of the 467 data points have a higher CNR using VS regression, and the overall
improvement is statistically significant (p < 0.0001; see text for details).
4.4.2 VS vs. S regression
In Figure 4.5, a scatter plot (similar to Figure 4.4) compares CNR6mm to CNR13mm,
again for the cohort of all corrections within 25 mm. In this case, the number of data
points above the 45-degree unity line is 326 out of 461. The smaller total number of
data points, 461 compared to the 467 in Figure 4.4, is due to 6 instances in which
one of the S channels was itself flagged for activation; in these cases, S regression
yielded an uninformative zero residual. The improvement was again statistically
significant (p < 0.0001).
4.4.3 Global regression
Since the global analysis could only be performed at 13 mm, there was no ability to
compare global correction using VS and S modalities. Figure 4.6, however, illustrates
an important relationship between the time-course of a particular target channel (30
mm separation) and the global S average for that data run. As in Figure 4.7, grey
bars represent the stimulation epochs. The original 30 mm time series shows some
amount of response correlated with the stimuli, but there is a lot of hemodynamic
noise as well. In the corrected trace, plotted at the bottom, the hemodynamic
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Figure 4.5: Scatter plots of CNR from VS regression (6 mm) versus CNR from S
regression (13 mm), for all “near-corrected” AFCs. In 326 out of 461 instances, the
VS regression has higher CNR, and the overall improvement in CNR is statistically
significant (p < 0.0001; see text for details).
interference is markedly reduced and the stimulus-related dynamics are noticeably
smoother. No similar correction was observed in this case when a single nearby
channel (either VS or S) was used as the regressor; the residual still contained most
of the higher-frequency noise (data not shown).
In the example shown, the average CNR of the activations in the global regression
was six times greater than the local regression (36 vs. 6). While this was an extreme
example shown here for emphasis, the effect was not isolated. Averaging over all of
the activation-flagged channels in this study, global-average S regression produced
higher CNR values for 271 of the flagged channels, versus 196 being better with
single-channel VS regression.
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Figure 4.6: Oxyhemoglobin trends recorded using a single 30 mm channel (up-
per, red) and the global average of the 13 mm channels (upper, black, scaled for
least-squares fit). Grey bars indicate stimulation epochs. The corrected time series
(bottom trace, blue) exhibits surges at the onset of each stimulation, with significant
reduction in unrelated hemodynamic activity (e.g. around 95 s). In this instance,
local correction provided no comparable reduction (data not shown).
4.5 Discussion
4.5.1 VS vs. S regression
As mentioned in the introduction, the major goal of this investigation was to com-
pare two relevant source-detector separations for short-distance regressor channels.
For this reason, the optical headpiece for this study was built with three pairs of
regression channels at 6 mm and 13 mm, each pair sharing a common source. Time
series from many target channels were then corrected using either 6 mm (VS) or 13
mm (S) channel data. Since the three relevant time series were acquired in parallel
(target channel, VS regressor, and S regressor), all other variables were held fixed
in the comparison of the regression results.
As Figure 4.5 shows, overall the 6 mm VS regressor performed significantly
better than the 13 mm S regressor, as measured by the CNR of the stimulus-related
activations that were flagged. This suggests that 6 mm and 13 mm, although both
regarded as distances too short to obtain optimal sampling of the adult human
cortex, are not functionally equivalent in terms of their hemodynamic probing.
One hypothesis for the difference in performance is that the 13 mm channel
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sensed some cortical hemodynamics itself. Using such a channel for regression would
naturally subtract off some of the signal one wishes to preserve. We have seen direct
evidence of 13 mm channels containing significant activation signals in some of our
data. For example, the upper trace in Figure 4.7 shows a 13 mm NIRS time-
course collected from one of the subjects. No obvious stimulus-related features are
apparent. When this channel is regressed against its associated 6 mm channel,
however, the residual exhibits upward surges in oxyhemoglobin concentration at the
onset of each stimulus block. In this instance, the 13 mm channel evidently contained
significant higher levels of cerebral activation signal than the 6 mm channel did. This
would agree with the results in Figure 4.5, where the CNR was statistically worse
using 13 mm regression.
Figure 4.7: Oxyhemoglobin trends recorded using a 13 mm channel (upper trace,
red) and the corresponding 6 mm channel sharing the same source (middle trace,
black, scaled for least-squares fit). Grey bars indicate stimulation epochs. The
residual of the fit (bottom trace, blue, magnified for clarity by a factor of 5) exhibits
surges at the onset of each stimulation, suggesting that the 13 mm recording has
significant sensitivity to stimulus-related hemodynamics.
4.5.2 Global regression
The global average at 13 mm sometimes provided strong correction to a far-distance
channel (c.f. Figure 4.6), and overall produced higher CNR than single-channel
correction in a majority of cases. These findings emphasize that there are multiple
potential sources of hemodynamic interference, and that no one correction approach
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is always the best choice. In the case where superficial hemodynamics are the
dominant interferent, a local superficial channel ought to be the best regressor.
In the case shown in Figure 4.6, however, the dominant interference was better
explained by a global average over a larger area. The “global interferent” in this
case could have been predominantly in the brain, and thus poorly sampled by the
VS channels.
This study leaves open the question of whether global regression is improved
by switching to 6 mm channels, as was seen for single-channel regression. Such
a comparison would require a probe with a full complement of 6-mm regression
channels, which was not available in this study.
4.6 Conclusion
In NIRS measurements of stimulus-evoked hemodynamics, surface-sensitive record-
ings using short source-detector separations can help to eliminate non-specific hemo-
dynamic trends. In order to obtain the best CNR upon subtraction, we recommend
based upon our statistical comparison that the source-detector separation be closer
to 6 mm than 13 mm in measurements over the adult occipital cortex. The poorer
performance seen at 13 mm could be at least partly due to undesired optical sam-
pling of the activated brain region itself. These observations may extend to other
regions of the adult head, and at smaller scales to infant measurements.
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Chapter 5
Methodology for high-yield
acquisition of functional
near-infrared spectroscopy data
from alert, upright infants2
5.1 Introduction
Infants have been studied using near-infrared light for more than 17 years, with the
first publication by Meek et al. [71] in 1998. Notable reviews by Lloyd-Fox et al.
[8] covering the time frame from the first publication to April 2009 and an online
database by Cristia et al. [44] reviewing the literature to July 2012 indicates that
there were 76 articles and theses, which report on 109 different studies across a range
of age groups. There are two major infant groupings according to Cristia et al. [44]
that have been most commonly studied: newborns and 4 to 8 month old infants.
Studies in the age range of 5-7 months [10, 51, 72–76], similar to the age range in
our study, focused on the occipital, temporal, and parietal cortices.
There is considerable interest in using fNIRS (functional near-infared spectroscopy)
to study infants with more recent studies (since July 2012) covering its broad po-
tential as a non-invasive tool to study infant cognition [10] and typical and atypical
development [52], and more specifically to study face recognition [78–80], shape pro-
cessing and motion [81, 82] and color priming [83]. Despite the rapid growth in the
number of infant fNIRS publications in recent years, this number is relatively low
when compared to that of adult studies [16]. Infants are certainly more difficult to
study, as they cannot be instructed to remain still, unlike an adult subject. Up-
2This chapter is from the publication by Goodwin et al. [1] and the contributions from A.E.
Cannaday, H.G. Palmeri, A. Di Costanzo, L.L. Emberson, R.N. Aslin and A.J. Berger are gratefully
acknowledged.
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right infants pose several complications for the researcher in obtaining good quality
fNIRS data. Analysis of infant studies of all age groupings by Cristia et al. [44] and
Lloyd-Fox et al.[8] reveals that approximately 40 % of data (at the infant level) are
rejected. This high attrition rate is usually attributed to low signal-to-noise or less
compliant infant subjects, which can be specifically due to a range of factors such
as motion artifacts, lack of optical contact due to hair obstruction, improper fit of
the NIRS cap, fussiness, or inattentiveness.
However, most studies do not address these factors, and, to our knowledge, the
necessary protocol modifications to reduce the effect of these factors and acquire
good quality data from upright, alert infants has not been explicitly outlined in the
literature. In this study we present the steps taken to optimize the probe design and
placement, stimulus and rest protocols, and optical contact. In addition, we present
the data yield results for the analysis of infant subjects based on their individual
time-courses.
Unlike other infant fNIRS research that asks developmental questions and aver-
ages group data from subjects in the study, we aim to elucidate the optimal con-
ditions and protocols for data acquisition and analysis of data at the single-infant
level. As a result, we ultimately determine the percentages of infants that yield
usable hemodynamic data (based on heartbeat and motion artifact criteria), and of
these the percentage of infants whose response to the visual stimulus is flagged as
an activation. This type of information is important in both research and clinical
environments.
5.2 Methods
5.2.1 Instrumentation and probe design
The functional near-infrared spectroscopy (fNIRS) system used in this study (Cepha-
logics LLC, Boston, MA; for details see reference [39]) utilized near-infrared LED
light delivered via optical fiber bundles at two wavelengths (750 and 850 nm). The
instrument houses a total of 24 sources and 21 detectors (24x21) with an average
laser power level of 200 µW at each wavelength for each source [39].
A study across all infant fNIRS research (to 2012) by Cristia et al. [44] inves-
tigating the attrition rate (infant exclusion) as a function of the total number of
sources and detectors (optodes) notes that using fewer than 20 fiber bundles results
in a significant reduction in the number of infants excluded. This aligns with our
own experience in which larger, bulkier probes fail to maintain consistent optical
contact during infant motion, causing severe artifacts. Lightweight probes are also
easier to affix quickly to the infant’s head, thereby saving more of the infant’s limited
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attention span for data acquisition.
In keeping with a lightweight design we constructed a 14-fiber array (6 sources,
8 detectors) from a subset of the commercial instrument’s fiber bundles. While the
majority of each bundle is flexible, it terminates in a rigid tip that makes a right
angle bend at approximately 14 mm from the end. These tips were inserted directly
into a customized pad containing a triangular array of holes to accept the fibers, as
shown in Fig. 5.1 A. The pad consisted of two layers of commonly available materials,
foam and silicone rubber, approximately 12 mm in thickness in total. The layers of
material work in a complementary fashion, in that the silicone layer provides a firm
but flexible substrate to securely hold the optical fiber while the foam layer provides
stability for the optical fibers at the right angle to minimize any potential leverage
force which could result in potential movement at the fiber tip against the head
surface. When inserted, the fiber tips were flush with one surface of the pad (to
contact the head), while the 90 degree bend occurred just above the other surface
(to allow the adjacent portion of the fiber bundle to lie flat), as shown in Fig. 5.1C.
The probe was secured to the infant’s head by two mesh head bands as shown in
Fig. 5.1B.
Figure 5.1: A. Infant probe: photograph of the surface of our infant probe showing
sources (red circles) and detectors (green circles). An example of each of the sepa-
ration distances between the source and detector of the first nearest neighbor, (a to
b = 10 mm), second nearest neighbor (a to c = 22 mm) and third nearest neighbor
(a to d = 30 mm) are shown. B. Probe Placement: photograph of an infant sub-
ject showing the probe placement which is underneath both primary and secondary
elastic headbands. C. Probe cross section: schematic diagram of the cross-section of
the infant probe showing optical fiber supported by the two complementary layers
of material 1. silicone and 2. foam rubber
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The triangular grid of fibers consisted of nearest-neighbor spacings (between
source and detector) of 10, 22, 30 and 36 mm with 18, 16, 4 and 6 channels respec-
tively of each separation distance. In this study, we analyzed all of the channels
and grouped our analysis to include the 22 and 30 mm channels (a total of 20), as
they provide ample sampling of the outer cortex for this age group as established
by Taga et al.[92] and Gervain et al.[93].
5.2.2 Subjects
Fifty-four healthy subjects (mean age: 6.8 months, age range: 6.2-8.3 months, 26 fe-
male) participated in this study, which was approved by the University of Rochester
Research Subjects Review Board (RSRB). The mean age is skewed towards the
lower end of the range because over time we found infants less than 7 months old
to be more compliant with our particular stimulation protocol. Infant subjects were
consented into the study via their parent or guardian. During measurements, the
adult and infant were seated with the infant sitting on the parent’s lap approxi-
mately 18-24” from a computer screen that presented the visual stimulation trial,
as described below.
Infants, Runs, and Trials
Data were collected from all of the 54 infants, with each subject sitting for either
one or two measurement runs. Twenty-five of the 54 infants sat for two consecutive
measurement runs (and thus twenty-nine sat for one run) consisting of a maximum
programmed 7 trials in each. The trials were repeated until the infant became
unresponsive, however each infant usually sat through the maximum 7 trials. Each
trial consisted of a stimulus and rest interval (described below in more detail). The
total number of trials for all infants across all measurement runs was 534, with a
mean of 9.89, standard deviation of 0.62 and a range between 3 and 14 trials and
summarized in Table 5.1.
totals trial statistics per infant
infants runs trials mean standard deviation range
54 79 534 9.89 0.62 3-14
Table 5.1: Summary of the statistics of infants, runs and trials exposed to the visual
stimulation paradigm.
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5.2.3 Probe Placement
Accuracy in probe placement
The probe was placed over the occipital lobe in each of the 54 infants, using the
inion as a fiducial marker on the scalp. The center of the probe was placed between 1
and 2 cm above the inion. We learned that probe placement needs to be at a higher
relative distance above the inion than usually would be undertaken compared to the
corresponding scalp landmarks for an adult subject [94].
Ensuring optical contact
To judge whether the fiber probe’s optical contact was sufficient for hemodynamic
sensing, a quantitative metric was developed. We empirically determined that when
the power levels are adequate as a result of good optical coupling (between the
source-detector pair and surface of the scalp), it manifests in a heartbeat fluctuation
that modulates the measured power at 850 nm by about 1% for a source-detector
separation of 22 mm. If optical coupling is sufficient to observe the heartbeat above
the electrical noise, then a visual response should be detectable (if present). We
usually find a response to the stimulus to be at least 3-5X larger in amplitude than
the heartbeart.
Just prior to acquiring data from each infant, we used the power from the monitor
display of the Cephalogics instrument to compare the 850 nm power level in the 22
mm channels to the electrical noise level in unused (dark) channels. While this
display does not offer real-time inspection of the fNIRS data series, it enables an
indirect prediction of heartbeat visibility to be made. For a 1% heartbeat fluctuation
at 850 nm to be visible above the electrical noise, the power itself needs to be 100
times stronger that the noise. If this was not the case then the probe was adjusted
once to improve optical contact and boost the detected power level. This single
adjustment step allowed us to increase our yield of usable data without significantly
extending the amount of time the infant had to spend wearing the probe.
5.2.4 Visual stimulation paradigm
The measurement trials followed a standard block design with alternating visual
stimulus and rest periods. Soft calming nursery music [“Camptown Races” (Baby
Music, album released 2010)] was played in the background throughout each trial.
Visual stimulus
As shown in Fig. 5.2 , the stimulus condition consisted of a full (3600) radial checker-
board pattern with a face at the center selected at random from a group of pre-
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determined faces from the NimStim Set of Facial Expressions [95]. The face grows
and shrinks in size (looms) [96] from approximately 0.5 to 2.6 cm and changes to a
new face every two cycles to hold the infant’s attention.
The reversing checkerboard stimulus designed to activate the occipital cortex cy-
cles at a rate of approximately 3.4 Hz. The checkerboard flashes for 7 seconds, which
is a balance between allowing sufficient time for a cortical response and providing
as many trials as possible within a relatively short time frame to keep the infant’s
attention.
Rest interval
The rest condition consisted of 7 seconds of a dim movie of fireworks (Fig. 5.2) [74]
followed by looming faces (serving as cue for the experimenter to advance to the next
trial). The rest condition is calm enough to contrast with the stimulus condition
but engaging enough to keep the infant focused, and thus minimizes motion artifacts
between trials. The onset of the next trial (cued by looming faces) is triggered via
a key stroke, allowing the experimenter control in real-time. The length of the rest
condition is therefore dependent on whether the infant subject is starting to lose
interest or needs extra time for refocusing. The varying time (usually 8-10 seconds)
allows for a flexible compromise between the minimum necessary rest period needed
to facilitate the return to baseline hemodynamics and a maximum time parameter
to enable continued engagement of the baby’s attention.
Figure 5.2: Images from the video display during stimulus and rest conditions.
During the stimulus interval, the reversing checkerboard cycles at a rate of 3.4 Hz,
while the face in the middle ”looms” (grows larger and smaller) and changes to a
new face every two cycles. The rest period features a dim fireworks animation.
5.3 Data Analysis
The analysis of the data firstly involved a pre-processing step of converting the
detected power to concentrations of oxy- and deoxy-hemoglobin. The time-courses
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of each channel were then screened with two criteria, heartbeat and motion artifacts,
with the channels passing both criteria defined as “analyzable channels”.
5.3.1 Data pre-processing
As described in previous work [4], the data were processed prior to screening for
analyzable channels. Each time series of detected power at the two wavelengths
(750 and 850 nm) was converted to changes in optical density and subsequently to
changes in oxy- and deoxy-hemoglobin concentration [14].
5.3.2 Screening for analyzable channels
FNIRS measurements are intended to sense hemodynamic activity in the volume
optically explored. As noted in the introduction, however, low light levels and large
motion artifacts can corrupt the data. We screened out data with poor optical
contact and/or large motion artifacts using the steps described below.
Heartbeat detection
To judge whether recording conditions in a given fNIRS channel are good enough
to detect visually-evoked hemodynamics, one can use heartbeat pulses as an in-
ternal standard. The Cephalogics instrument acquires data at 10.8 Hz, which is
sufficient to resolve heartbeats in the oxyhemoglobin signal. As discussed above, in
our experiments with infants, heartbeat pulsations measured at 22 and 30 mm sepa-
rations are typically 3-5X smaller in amplitude than visually-evoked oxyhemoglobin
surges. Empirically, then, the visibility of heartbeats establishes that the recording
conditions are generally adequate for observing visual responses.
We Fourier-transformed each stimulus period’s time series (including a post-
and pre- time of 2 seconds) and ratioed the power under two equal-width frequency
bands, one containing the infant heart-rate (1.75–2.50 Hz) and one at higher fre-
quencies presumed to contain only noise (3.0–3.75 Hz). The time-course was rejected
if the heart-rate to noise ratio, averaged over all stimulus periods, was 2.0 or less.
The heartbeat threshold is routinely exceeded at 22 and 30 mm. At the larger
separation distance of 36 mm, the detected optical power is usually so low that the
electrical noise obscures the heartbeat. In particular, only about 11% of the 36 mm
channels pass the heartbeat standard compared to approximately (on average) 56%
of the 22 and 30 mm channels. Consequently, in this study we present data from
the 22 and 30 mm distances grouped together. This lies within most of the range
of separation distances cited in reviews (∼93%) [8, 44], and also conforms to the
distances recommended by Taga et al. [92].
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Motion artifact detection
Infant head motion can cause changes in detected light levels that are distinguishable
from hemodynamic effects in abruptness, amplitude, and degree of crosstalk between
the calculated oxy- and deoxy-hemoglobin concentration changes. Fig. 5.3 shows
examples of calculated oxyhemoglobin time-courses containing artifactual spikes.
Such artifacts need to be removed before further data analysis can be performed. For
the present study we developed an automated motion artifact detection technique
based on similar approaches as outlined by Brigadoi et al. [97] who employed the
Homer2 software for NIRS analysis [56] within MATLAB (Mathworks, MA USA).
Each time-course was firstly high-pass filtered by subtracting a 25-s moving box-
car average. The amplitude change over a 5 time-point window (approximately 0.5
s) was compared to empirically selected thresholds of 2.0 and 3.55 µM for the 22
mm and 30 channels respectively. In particular, the difference in every 5th pair of
time-points is calculated in a moving window to establish a comparison with the
threshold value. If this difference value was greater than the threshold value and
located within the stimulus period (between the onset and 2 seconds after the con-
clusion of the stimulus period), then the artifact was flagged as motion and the
trial subsequently rejected. Once all of the trials with motion were removed, the
channels with at least 2 trials still remaining were retained for subsequent testing
for potential activations.
Figure 5.3: Typical time-courses showing motion artifacts identified by evaluators
(marked by arrows). Channels were rejected and not analyzed any further unless at
least two trials were artifact-free.
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5.3.3 Flagging of activations
For each analyzable channel we tested whether a hemodynamic activation was
present in response to the visual stimulation. A channel was flagged if the av-
erage rise in oxyhemoglobin concentration over all of the stimulation periods was
significantly positive, as previousl utilized by Saager et al. [31] and Goodwin et al.
[4]. Specifically, the average value of the ∆HbO2 level within a 2 second window,
from the onset of an individual stimulus period, was subtracted from the average
value within a 2 second window from the conclusion of that stimulus. A one-sided
t-test checked whether the mean of the multiple values (across all of the trials) was
greater than zero. This a priori reasoning is supported by the extensive database
developed by Cristia et al. [44] which lists all 100 + infant studies up until 2012 and
reports variables such as oxy and deoxy-hemoglobin levels and cortices studied. Es-
sentially all studies that involved a visual stimulus and that monitored the occipital
cortex showed an increase in oxyhemoglobin levels.
The significance level for the t-test was set at 0.05 (95%). For an infant to be
flagged as an “activator” our criterion required that at least one channel (consisting
of at least 2 trials) per infant pass the t-test.
5.4 Results
5.4.1 Selection of analyzable channels
Table 5.2 summarizes the results of applying our selection criteria to data acquired
from 54 infants. As mentioned, the 22 and 30 mm channels (a count of 16 and
4 respectively) have been grouped together and presented in this analysis because
they have a similar proportion (61 and 57% respectively) that pass the heartbeat
metric and lie within the range of typical separation distances used in most studies.
The inclusion of only the 22 and 30 mm channels resulted in a total of 1580
such channels. 922 of the 1580 inspected, representing 58%, met the first criterion
of a detectable heartbeat. This subset included channels from all of the 54 infants.
Of the 922 channels that exhibited heartbeat, 546 (59%) contained at least 2 trials
not affected by motion artifacts. This subset included channels from 45 of the 54
infants.
Overall, heartbeats were observed in 100% of the infant subjects and analyzable
channels were obtained from 83% of the initial cohort. Only nine subjects had all
of their channels rejected on basic grounds of poor optical contact and/or excessive
motion artifacts. On average, 12 channels per infant passed the two criteria of
heartbeat and at least two trials not affected by motion.
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Criteria
Number of
Channels
(22 and 30
mm)
Number
of Infants
Proportion of
Infants
(relative to
previous step)
All Data
1580 54 n/a
criteria for
accepting
channels as
“analyzable”
(a) Heartbeat
detected
922 54 100
(b) At least
two trials not
affected by
motion
artifacts (per
channel)
546 45 83
Activation flagged by t-test
166 31 69
Table 5.2: Summary of Results: Number and percentages of channels and infants
that pass each criterion.
5.4.2 Stimulus-correlated hemodynamics
166 of the 546 analyzable channels (30%) exhibited a significant stimulus-correlated
rise in oxyhemoglobin concentration using the t-test criterion described in the pre-
vious section. Activation was seen in 31 of the infants; this represents 57% of all
infants enrolled in the study and 69% of those from whom analyzable channels were
obtained. We estimate our statistical error rate to be 9 false-positive channels out
of 374 analyzed, resulting in no more than 6 infants falsely flagged as activators (see
Appendix A for details).
We performed similar computations on the 10 mm channels. 68% of 823 channels
were deemed analyzable, and 64% of the infants with analyzable channels had at
least one channel pass the t-test for activation.
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5.5 Discussion
5.5.1 Infant data rejection rate
As noted in the introduction, most fNIRS studies of alert 6–9-month-old infants
reject all data from about 50% of the subjects due to various acquisition flaws.
While this rejection rate can be tolerable for research studies, it all but precludes
clinical applications. The first goal of this study, therefore, was to examine the infant
rejection rate under acquisition conditions designed specifically to reduce that rate.
Obtaining useful data involves a combination of situating fibers over the correct
cortical region, achieving sufficient optical contact to interrogate that region, and
designing a stimulation protocol that keeps the infant calm, still, and attentive for as
long as possible. There are many strategies for meeting all these needs. To achieve
a low infant rejection rate, this study prioritized the infant’s compliance, which led
us to reduce the size of the headpiece and to increase the allure of the stimulation
protocol. By designing a headpiece that was less bulky, it became quicker to fas-
ten to the head (with just two elasticized headbands), better able to follow sudden
head motion without slippage, and less distracting to the wearer. As for the proto-
col, the addition of looming faces, more engaging rest periods, and constant music
dramatically increased infant compliance compared to checkerboards and fixation
crosses alone. This study narrowly defined useful (“analyzable”) fNIRS data as
oxyhemoglobin time series with detectable heartbeats and no motion artifacts dur-
ing at least two trials. These criteria rejected instances of poor fiber-tissue contact,
whether due to infant motion, poor securing of the headpiece, or individual fiber
contact issues due to hair or other obstructions. In essence, the selected channels
were simply those where some tissue region’s hemodynamics were recorded without
interference from optical artifacts, permitting meaningful interpretation.
The results of this study show that it is possible to have an infant rejection rate
far lower than 50% if the conditions are tailored towards that end; the rate here
was approximately 17% (9 out of 54 infants). Heartbeat was detected for every
infant, meaning that the probe was always secured with sufficient optical contact
for at least 1 channel. On average, 12 of the 20 possible channels per infant showed
sufficient heartbeat. The nine rejected infants (out of 54) were all due to motion
artifacts in too many trials. Given our choice of a lightweight probe able to be
rapidly fastened with two single headbands, it was impossible to guard against the
most non-compliant infants producing major artifacts, for example, by reaching up
and touching the headpiece. More secure fastening could reduce this failure rate, but
might come at the expense of longer setup time, thus wasting the infant’s limited
attention span.
Marking a channel as analyzable did not guarantee that the tissue region it op-
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tically probed included the brain region of interest. Indeed, the large drawback
of this probe design is its reduced coverage area. This created the need to place
the probe precisely. In preliminary data runs, the probe was situated too close to
the inion (adapting an adult protocol) and visual responses to the stimulus were
not detected. Moving the probe a few centimeters higher [94] made a crucial dif-
ference. The smaller area also prevented us from monitoring a remote region as a
simultaneous control. In the future, it would be desirable to attach multiple small-
area probes or a single larger-area probe without compromising infant compliance
or motion artifacts.
Although the 36 mm channels were excluded from this analysis due to insufficient
signal to noise for heartbeat detection, we note that some 36 mm channels exhibited
clear activation-like trends. As mentioned earlier, visual activation responses are
typically stronger than heartbeat, so this finding is unsurprising. There is no reason
to discard such channels in general for fNIRS research. In this report we use a
conservative criterion on purpose to set a lower bound on the number of analyzable
channels.
5.5.2 Visual activation response detection
To our knowledge, all published fNIRS studies of alert 6 to 9 month old infants
have reported analysis on grand averages. The ability to detect hemodynamic ac-
tivations in single infants would have obvious relevance to clinical applications, but
to our knowledge this aim has not been directly addressed in the literature for this
age group. A second goal of this work, therefore, was to measure stimulus-related
activations in individual alert 6 to 9 month-olds and report the percentage of “re-
sponders”.
Of the 45 infants from whom analyzable channels were obtained, approximately
2/3 showed significant stimulus-correlated oxyhemoglobin surges in response to vi-
sual stimulation. As a raw proportion, 2/3 is an encouragingly high activation
detection fraction. There are reasons, moreover, to regard this fraction as a lower
bound for the future. Even though the placement technique relative to the inion
was refined for all the infants in our study, the probe due to its size may not always
have overlapped with the infant’s visual cortex [64, 77].
Larger-area probes or better guidance from anatomical landmarks would presum-
ably reduce such placement errors. In addition, the analysis took no consideration
of whether the infant was paying attention to the screen displaying the stimulus.
Although video recordings were obtained from the side of the infant, the angle and
dimness made it difficult to determine the location of the infant’s gaze. While our
rejection of motion artifacts probably also rejected many trials in which the infant
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was inattentive to the stimulus, this parameter could be studied more explicitly,
either by eye-tracking or other video recording approaches. If placement errors were
eliminated and trials of infant non-attentiveness were discarded, we predict that the
percentage of infants displaying activation responses would rise noticeably.
An interesting finding was that activation signals were detected over the occipital
cortex with the 10 mm source-detector separation channels. As noted earlier, this
equated to 64% of infants. This implies that the 10 mm channel may have been
sensing cortical hemodynamics. Taga et al. [92] reported a similar conclusion when
using a 10 mm source-detector separation distance, and Brigadoi and Cooper [7] have
recently drawn similar conclusions about optimal short distances for correction from
Monte Carlo simulations. However, an alternative explanation is that a stimulus-
correlated hemodynamic response was present in extracerebral tissue (i.e. scalp).
Further experiments are intended to explore the nature of short-separation channels
with control measurements over other brain regions), especially pertaining to the
potential for correction of infant data.
5.6 Conclusion
In summary, 100% of the infants in this study yielded channels that exhibited heart-
beat. 83% of these infants produced analyzable channels, with the data dropout due
to motion artifact rejection. Finally, 69% of the infants were flagged as showing sig-
nificant hemodynamic activations. Beyond reporting activation results for infants
in the 6 to 9 month age range, this study outlined the steps necessary in order to
obtain such data.
The optimization steps discussed, we would argue, are necessary preconditions for
taking fNIRS measurements from alert, upright infants. That is, a lightweight com-
fortable probe, stimulus and rest protocol that maximizes attention, and adequate
optical contact are essential for acquiring individual infant time-courses. Conse-
quently, these individual time-courses, whether they are further averaged in a group
data set or analyzed singularly, can be applicable in either a research or a clinical
setting, with increased confidence in the quality of the data.
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Chapter 6
In practice, how short is short?
Recommendations for short
channel separation distances for
signal regression in functional
near-infrared spectroscopy of
infants
6.1 Introduction
Previous experiments (chapter 5) on infants show activations (stimulus correlated
hemodynamics) occur at 10 mm at a similar rate to the longer channels suggesting
that this separation distance for use as a regressor would be too long for use in an
infant population. Additionally, we showed that even in adults with thicker scalps
and skulls, it was advantageous to use a 6 mm channel versus a 13 mm channel
with at least an improvement in the contrast to noise ratio. Finally, Brigadoi [7]
using simulations for photon transfer suggests that 2.15 mm is the optimum source-
detector separation for the term-age infant channel.
A short-distance channel measurement that is not at the optimum separation
distance (ie. too long), will probe too deeply and detect cerebral signal. Therefore,
when the short distance measurement (taken simultaneously with the long channel)
is subtracted from the long channel (with appropriate scaling factor), the signal will
be somewhat degraded.
Thus it is important for the short channel to only probe deep enough to capture
the superficial hemodynamics and when subtracted from the long channel measure-
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ments enables improvement in the signal. Therefore for regressions to be successful,
from the evidence thus far, it would appear that the separation distance of the short
channel needs to be as short as possible within the practical limits of the commonly
used fiber diameters.
How short should the short channel be? Considering practical physical limits
(diameter of fibers and probe materials) we constructed a probe with a series of 5
mm (short) channels to use as a regressor with more standard (long) channels with
separation distances of 22 and 30 mm that have been shown to probe into the brain
of a typical infant [51].
In designing the probe, redundancy was built into the arrangement of the sources
and detector combinations to ensure ample measurements, in case of poor signal to
noise quality from any of the channels. Measurements taken over the region of
interest (ROI) or what we have termed the experimental region, was validated with
simultaneous measurements from a control probe with 4 sources and 4 detector fibers
(14 channel combinations) placed over the forehead (control region) which will not
yield any stimulus correlated visual activation. In this study we report for the first
time preliminary data based on 8 infant subjects, the rate of analyzable data and the
activation rate from 5 mm short channels compared with standard more typically
used long channels. In addition, the data was validated with control channels from a
visually non-activating region of cortex. Finally, regression analysis was conducted
using both analyzable activating and non-activating 5 mm channels to determine
the degree of improvement upon a given channel as measured by a t-test (which
determines whether an activation is present over the average of trials).
This chapter is organized within each section as part A, which represents a subset
of data (10 mm) from the prior study (chapter 5) not yet reported and part B (5 mm
data) which is this subsequent though preliminary study. The 10 mm data provides
an important comparison with the 5 mm data to determine its potential as a short
channel regressor and help ascertain an optimal source-detector separation distance
thus attempting to answer the above question.
6.2 Methods
Part A
6.2.1 Instrumentation and probe design
Instrumentation
The functional near-infrared spectroscopy (fNIRS) system used in this study is that
used for chapters 4 and 5 (Cephalogics LLC, Boston, MA; for details see refer-
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ence [39]) utilized near-infrared LED light delivered via optical fiber bundles at two
wavelengths (750 and 850 nm).
Probe Design
The probe is designed and constructed as described in chapter 5 and the publication
by Goodwin et al. [1]. The probe has a lightweight design and consists of 14 optical
fibers comprising of 8 sources and 6 detectors as shown below in Fig. 6.1.
Figure 6.1: Schematic diagram of the infant probe. There is a total of 14 optical
fibers consisting of 8 sources (red circles) and 6 sources (blue squares). The probe
is secured by 2 headbands to the back of the head corresponding to the occipital
lobe. An example of the separation distances between the source and detector with
the first (10 mm), second (22 mm) and third (30 mm) nearest neighbor is shown.
As stated in the previous chapter, the triangular grid of fibers consisted of
nearest-neighbor spacings (between source and detector) of 10, 22, 30 and 36 mm
with 18, 16, 4 and 6 channels respectively of each separation distance. Although we
analyzed all of the channels in this particlar study we are specifically focusing on
the 10 mm channels. Activations from 10 mm channels has previously been shown
by Taga et al. [92].
6.2.2 Subjects
As this part A section is the same study as described in chapter 5, the subjects and
protocols are therefore as stated in section 5.2.2. In particular, fifty-four healthy
subjects (mean age: 6.8 months, age range: 6.2-8.3 months, 26 female) participated
in this study, which was approved by the University of Rochester Research Subjects
Review Board (RSRB).
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Infants, Runs, and Trials
These were as stated in section 5.2.2.
6.2.3 Probe Placement
Accuracy in probe placement
The probe was placed over the occipital lobe in each of the 54 infants, using the inion
as a fiducial marker on the scalp. The center of the probe was placed between 1 and
2 cm above the inion, as stated in section 5.2.3 and in the submitted publication by
Goodwin et al. [1], particular attention was paid to accuracy in probe placement
[94].
Ensuring optical contact
Adequate optical contact was ensured by checking the power levels (above the noise)
were sufficient before each measurement. Further verification of adequate optical
contact is also checked post measurement via the visible heartbeat and application
of a heartbeat metric. This is explained in more detail in section 5.2.3 and in the
submitted publication by Goodwin et al. [1].
6.2.4 Visual stimulation paradigm
The visual stimulus (full radial checkerboard pattern) and rest interval (dim movie
of fireworks) constitutes the visual stimulation paradigm and is explained more fully
in section 5.2.4 (chapter 5) and the publication by Goodwin et al. [1].
Part B
6.2.5 Instrumentation and probe design
The instrumentation is as described earlier in section 6.2.1, Part A.
Probe Design
We designed two probes, one for placement on the back of the head corresponding
to the occipital cortex to test visual response (experimental condition) while the
other probe to be placed on the front of the head (forehead), was used as the control
condition corresponding to a non-visual activation region, the prefrontal cortex.
In keeping with a lightweight and balanced design we constructed each probe
from a subset of the commercial instrument’s fiber bundles, as described in chapter
5 and the submitted publication by Goodwin et al. [1]. The probe used to test
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the experimental condition consisted of a 16 fiber array (8 sources and 8 detectors)
as shown in Fig. 6.2-C and the other probe for the control condition consisted of 8
fibers (4 sources and 4 detectors) as shown in Fig. 6.2-A.
Experimental Condition Probe
The probe designed and constructed for the experimental condition consisted of a
rectangular grid of fibers consisting of nearest-neighbor spacings (between source
and detector) of 5, 20, 21, 28 mm with 8, 12, 8 and 12 channels respectively of each
separation distance. In this study, we analyzed all of the channels and grouped our
analysis to include two distinct sampling depths. That is, the 5 mm short channels
sample the superficial layers while the long channels with separation distances of 21,
22 and 28 mm channels (a total of 32), sample the outer cortex of this age group,
(as established by Taga et al. [92] and Gervain et al. [93] ).
The design of the probe allows for not only a single regression with one short
channel but a “double-regression” (two short channels), as each long channel has a
short channel at each of the source and detector, as discussed previously in section
2.2.7 Interfering background hemodynamics from work by Gagnon et al. [45].
Figure 6.2: A. Control Condition Probe: There are a total of 4 sources and 4
detectors with separations distances of 10, 22, and 30 mm as shown. B. Photograph
of an infant subject wearing the headpiece consisting of both the experimental (back
of head) and control (forehead) condition probe. C. Experimental Condition Probe:
This probe is placed on the back of the head (approximately 1 to 2 cm above
inion). There are a total of 8 sources (red circles) and 8 detectors (blue squares).
An example of each of the separation distances between the source and detector are
shown. The short channels have separation distances of 5 mm and the long channels
have separation distances of 20, 21 and 28 mm.
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Attenuation of the detectors As described, the probe designed and constructed
to acquire data from the experimental condition, consisted of both short 5 mm
channels along with a range of long channels (20, 21 and 28 mm). However high
light levels from the short separation of 5 mm caused the signal at the detector to
saturate. In order for the 5 mm channels not to saturate, the power had to be either
reduced at the source or at the detector. It was decided to reduce the power of the
signal reaching the detector by the simple addition of one, two or three SubMiniature
version A (SMA) male to female adapter connectors (5 mm in length) that would
screw in the detector SMA port of the instrument.
Despite the the attenuation of the detectors to address the excess power of the
5 mm channel and given the channels at longer separation distances of 20, 21 and
28 mm being detected simultaneously at different frequencies, the signal strength
of these channels was not adversely affected due to the high dynamic range of the
system. More detailed instrumentation specifications are described by Zeff et al.
[39] in the supplementary information section.
Control Condition Probe
The probe designed and constructed for the control condition consisted of a rect-
angular grid of fibers consisting of nearest-neighbor spacings (between source and
detector) of 10, 22 and 30 mm with 8, 2 and 4 channels respectively of each separa-
tion distance. In this study, we considered all of the control channels as potentially
delivering photons to penetrate into the cerebral tissue, in accordance with that
established earlier by Aslin [51] and Taga et al. [92], and thus analyzed all of the
channels as one group totaling 14 channels.
6.2.6 Subjects
As this was a preliminary study, 8 healthy subjects (mean age: 6.4 months, age
range: 6.0-6.7 months, 4 females) participated in this study, which was approved by
the University of Rochester Research Subjects Review Board (RSRB). As mentioned
in the prior study (part A), the mean age is skewed towards the lower end of the range
because over time we found infants less than 7 months old to be more compliant with
our particular stimulation protocol. Infant subjects were consented into the study
via their parent or guardian. As in the part A study during measurements, the adult
and infant were seated with the infant sitting on the parent’s lap approximately 18-
24” from a computer screen that presented the visual stimulation trial, as described
in chapter 5 section 5.2.2.
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Infants, Runs, and Trials
Data were collected from all of the 8 infants, with each subject sitting for either one
or two measurement runs. All of the runs were included in the analysis but one of the
second runs, due to inattentiveness and excessive motion from the subject from the
outset resulting in abandonment of the measurement. The trials were repeated until
the infant became unresponsive, however each infant in this cohort sat through the
maximum 7 trials. As described, each trial consisted of a stimulus and rest interval.
The total number of trials for all infants across all measurement runs was 63, with
a mean of 7.88, standard deviation of 0.34 and a range between 7 and 14 trials and
summarized in table 6.1 below.
totals trial statistics per infant
infants runs trials mean standard deviation range
8 9 63 7.88 0.34 7-14
Table 6.1: Summary of the statistics of infants, runs and trials exposed to the visual
stimulation paradigm.
6.2.7 Probe Placement
Accuracy in probe placement
As described earlier in part A, section 5.2.3 (chapter 5) and Goodwin et al. [1]
the experimental condition probe was placed with accuracy [94] over the occipital
lobe in each of the 8 infants, using the inion as a fiducial marker on the scalp. The
control condition probe was placed on the forehead and being directly opposed to
the experimental probe (back of head) and secured by 2 headbands, little adjustment
was necessary, refer also to Fig. 6.2-B.
Ensuring optical contact
This section was previously described in part A, section 5.2.3 (chapter 5) and in
Goodwin et al. [1].
6.2.8 Visual stimulation paradigm
This section was previously described in part A, section 5.2.4 (chapter 5) and in
Goodwin et al. [1].
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6.3 Data Analysis
The analysis of the data firstly involved a pre-processing step of converting the
detected power to concentrations of oxy- and deoxy-hemoglobin. The time-courses
of each channel were then screened with two criteria, heartbeat and motion artifacts,
with the channels passing both criteria defined as “analyzable channels”.
Part A
6.3.1 Screening for analyzable channels
As noted in the introduction, and low light levels and large motion artifacts can
corrupt the data. As explained fully in chapter 5 (section 5.3.2) and by Goodwin
et al. [1] we screened out the data with poor optical contact and/or large motion
artifacts using the steps summarized below.
Heartbeat detection
Heartbeat was detected using the methodology as described in section 5.3.2 Heart-
beat detection in chapter 5 [1]. As explained in detail in this section, following a
Fourier-transform of the time series, an average heart-rate to noise ratio is calcu-
lated. When applying the heartbeat metric [1], the threshold of 2.0 (established in
chapter 5, section 5.3.2) was routinely exceeded at 10, 22 and 30 mm. At the larger
separation distance of 36 mm, the detected optical power was usually so low that
the electrical noise obscured the heartbeat.
Motion artifact detection
For the present 10 mm study we utilized the same automated motion artifact de-
tection technique (as for the 22 and 30 mm channels) as described in subsection
Motion artifact detection in chapter 5 and Goodwin et al. [1].
6.3.2 Flagging of activations
The flagging of activations follows that described previously in section 5.3.3 Flagging
of activations in chapter 5 and by Goodwin et al. [1].
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Part B
Each set of data, experimental ( region of interest (ROI): visual cortex) and the
control condition (forehead) were subjected toscreening for analyzable channels and
flagging of activations, as described in Part A. In addition, regression analyses were
conducted, presented and discussed in the following sections.
6.3.3 Screening for analyzable channels and flagging of ac-
tivations
As previously described in part A, sections 5.3.2 and 5.3.3 and in Goodwin et al.
[1], the data analysis (after the initial pre-processing step) involved three major
steps; screening for analyzable channels by optical contact (via heartbeat), rejecting
excessive motion artifacts and flagging of activations by a t-test.
Heartbeat detection
As explained in part A for the 10, 22 and 30 mm channels, the heartbeat threshold
of 2.0 was routinely exceeded. Consistent with this, the channels of the probe in
part B (with the attenuated detector fibers as explained in the section Attenuation
of the detectors), at not only 20, 21 and 28 mm but also at 5 mm, routinely ex-
ceeded the threshold of 2.0 especially if optical contact was confirmed before the
measurement. Essentially the heartbeat to noise threshold was kept constant for all
channels analyzed in this probe.
Motion artifact detection
The motion artifact detection algorithm as described earlier (subsection Motion
artifact detection, chapter 5) was used to detect motion in this data set. The
threshold settings were kept consistent with that previously used, that is empirically
selected thresholds of 2.0 for both 20 and 21 mm and 3.55 µM for the 28 mm
channels. Additionally a threshold of 1.0 was assigned to the 5 mm channels, to more
accurately reflect the overall amplitude of the hemodynamics and (motion artifacts)
of the timecourses, as they are smaller than those originating from channels with
larger source-detector separations.
Flagging of activations
As followed in part A and described in 5.3.3 Flagging of activations in chapter 5, the
flagging of activations for all channels in the experimental and control probes was
conducted by calculating the average increase in ∆HbO2 across all stimulus periods
and testing if significantly greater than zero.
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A fourth analysis step described below in the Regression Analysis section, was
introduced to determine the degree of signal improvement of long channels by re-
gression using a short channel. Specifically, questions centering around whether
a given long (target) channel after regression reveals activations that were other-
wise “hidden” by confounding hemodynamics from the superficial layers (namely
the scalp), can be begin to be answered with some confidence.
6.3.4 Regression Analysis
The human head can be modelled for the purposes of explaining confounding inter-
ferrant signals within a fNIRS measurement as two hemodynamic layers whereby
the top layer consists mainly of superficial tissue (scalp, skull and other layers con-
taining cerebral spinal fluid) and the bottom layer consisting of the cerebral tissue
(neocortex). As fNIRS is a back-reflection technique, a given measurement consists
of both the superficial and cerebral hemodynamics.
Regression of the short channel against the long channel essentially involves the
subtraction of the short channel (superficial layer) signal multiplied by a scale factor
from the long channel (superficial and cerebral layers), to yield a signal ideally
consisting primarily of cerebral information. The regression of the long (target)
channel follows the theory and mathematics previously described in the section on
Regression in chapter 2, chapter 4 and earlier work by Saager and Berger [33].
Though the probe was designed for “double-regressions” as discussed, only single
regression could be performed due to the lack of the second analyzable short channel
data associated with the given target channel, essentially a result of the low number
of infants tested.
Comparison of long channels before and after regression using non-activating
and activating short channels
As discussed previously in more detail in part A, each analyzable channel was tested
for the presence of a hemodynamic response to the visual stimulus. A one-sided t-
test was applied to all the trials in the time-course to check if the mean was greater
than zero. The resultant p-values in addition to allowing a determination of whether
the ∆HBO2 values were significant or not, provided an objective measure of how
likely the average trial from the timecourse is correlated to the visual stimulus.
The p-value of the analyzable long channel was compared to those after being
subjected to regression, with both the activating and non-activating short channel.
The segregation of the short channels to activating and non-activating according to
whether they passed the t-test or not, was important in terms of comparing their
effects on regression of the long channel. One would expect that if an activating (or
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non-activating) long channel is regressed with an activating short channel then the
activation (or non-activating) signals would be degraded somewhat and be evidenced
by an increase in the p-value. On the other hand if an activating (or non-activating)
long channel is regressed with a non-activating short channel then the signals would
be improved somewhat and be evidenced by the reduction in p-value. The possible
scenarios of long (activating and non-activating) channels being regressed with short
(activating and non-activating) channels is summarized in table 6.2 below.
long channel
activating non-activating
short
channel
activating p-value increase p-value increase
signal degradation signal degradation
expect % failing t-test
non-activating p-value decrease p-value decrease
signal improvement signal improvement
expect % passing t-test
Table 6.2: Possible scenarios based on whether an activating or non-activating short
channel is regressing an activating or non-activating long channel.
The results comparing the average p-values before and after regression with both
the activating and non-activating short channels are presented and discussed in the
subsequent sections.
Calculation of “Before” and “After” regression p-value statistic
The 5 mm short distance channels were segregated to activating and non-activating
channels. Table 6.3 below, displays a count of all the analyzable channels that were
either activating (act.) or non-activating (n/act.) at each separation distance (5,
20, 21, and 28 mm) for each infant (1 to 8).
There were a total of 43 analyzable long channels (11 activating and 33 non-
activating) consisting of 20, 21 and 28 mm separation distances across the 8 infant
subjects. The average p-value of each group of long channel (activating and non-
activating) was calculated and represents the “before regression” statistic.
There were a total of 16 analyzable short channels (5 mm), consisting of 3 acti-
vating and 13 non-activating across all of the 8 infants. Each of these channels was
paired with each of the analyzable long channels (activating and non-activating) for
the particular infant, totaling 109 regressions. The p-value was calculated for each
which ultimately contributes to the average p-value (“after regression” statistic) for
each activating and non-activating long channel. Three of the eight infants tested
did not contribute any analyzable 5 mm short channels for the regression calcula-
tions. Additionally, the significance of the p-value data for the comparisons between
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Infant 5 mm 20 mm 21 mm 28 mm TOTAL
act. n/act. act. n/act. act. n/act. act. n/act. short/long
channel
combinations
1 2 2 2 0 1 0 1 0 16
2 0 3 1 0 0 0 0 1 6
3 0 3 0 4 0 3 0 4 33
4 1 2 0 4 1 2 2 2 33
5 0 3 0 3 0 2 1 1 21
6 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 1 0 0 0
8 0 0 1 1 0 2 1 2 0
total 3 13 4 12 2 10 5 10 109
Table 6.3: Count of all analyzable channels that were either activating (act.) or
non-activating (n/act.) at each separation distance (5, 20, 21, and 28 mm) for each
infant (1 to 8).
each of the before and after regressions with the activating and non-activating chan-
nels was tested using a paired t-test set at 0.05. Table 6.8 summarizes the p-value
calculations.
6.4 Results
Part A
Table 6.4 summarizes the results of applying our criteria for analyzable channels and
activation flagging to the 10 mm channels (a count of 18 from the probe) acquired
from 54 infants.
6.4.1 10 mm cerebral hemodynamics data
The inclusion of only the 10 mm channels resulted in a total of 1404 channels.
823 of the 1404 inspected, representing 59%, met the first criterion of a detectable
heartbeat. This subset included channels from all of the 54 infants. Of the 823
channels that exhibited heartbeat, 557 (68%) contained at least 2 trials not affected
by motion artifacts. This subset included channels from 47 of the 54 infants.
Overall, heartbeats were observed in 100% of the infant subjects and analyzable
channels were obtained from 83% of the initial cohort. (These percentages compare
similarly to the longer channels (22 and 30 mm) analysis with heartbeat observed in
100% of infants and analyzable channels obtained from 87% of infants, as reported
in the Results section of chapter 5.) Only seven subjects had all of their channels
rejected on basic grounds of poor optical contact and/or excessive motion artifacts.
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Number
of
Channels
(10 mm)
Proportion
of
Channels
(relative to
the previous
step)
Number
of Infants
Proportion
of Infants
(relative to
the previous
step)
Experimental Condition
1404 100 54 100
Criteria for
accepting
channels as
“analyzable”
(a) Heartbeat
detected
823 59 54 100
(b) At least
two trials not
affected by
motion
artifacts (per
channel)
557 68 47 87
Activation flagged by t-test
127 23 30 64
Table 6.4: Summary of Results: Number and percentages of 10 mm channels and
infants that pass each criterion.
On average, 12 channels per infant passed the two criteria of heartbeat and at least
two trials not affected by motion.
Stimulus-correlated hemodynamics
Of the 557 analyzable channels, 127 (23%) exhibited a significant stimulus-correlated
rise in oxyhemoglobin concentration using the t-test criterion described in the pre-
vious section. Activations were seen in 30 of the infants; this represents 56% of
all infants enrolled in the study and 64% of those from whom analyzable channels
were obtained. As reported in the results table 5.2 of chapter 5 and by Goodwin et
al. [1], with similar computations on the 22 and 30 mm channels, activations were
seen in 57% (31) of the infants enrolled in the study and 69% of those from whom
analyzable channels were obtained. Fig. 6.3 below, shows a typical 10 mm channel
compared to a 22 mm channel from the same infant. It is evident that both channels
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are correlated to the stimulus and the implications are discussed in the following
sections.
Figure 6.3: Timecourses: 10 mm [black (bottom)] V 22 mm [red (top)] channels
from the same infant and shared source.
Part B
The same criteria for analyzable channels and activation flagging as applied to the
part A study were applied to this study for both the long channels (20, 21 and 28
mm) and the short channels (5 mm) measured simultaneously.
6.4.2 5 mm cerebral hemodynamics data (and comparison
with 10 mm data)
Tables 6.5 and 6.6 summarizes the results of applying our selection criteria to the
part A and B studies, comparing the long channels (20-30 mm) and short channels
(5 and 10 mm) respectively, presented at both the infant and channel levels.
Infant level comparison between study A and B
Comparison of short distance channels: 10 and 5 mm. Five out of eight
infants (∼63%) in the part B study compared to 47 out of 54 infants (∼87%) in the
part A study had analyzable channels (passing both heartbeat and motion rejection
criteria). At the activation level two out of five infants (40%) in the part B study
compared to 30 out of 47 infants (∼64%) in the part A study had activations flagged
by the t-test (α=0.05).
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Part A Study Part B Study
number of infants % number of infants %
long channels (mm) analyzable 45(54) 83 8(8) 100
(22,30) or (20,21,28) activations 31(45) 69 5(8) 63
short channels (mm) analyzable 47(54) 87 5(8) 63
(10 or 5) activations 30(47) 64 2(5) 40
Table 6.5: Comparison of studies A and B showing the number of infants (and
totals) and percentages that have channels that are analyzable and the subsequent
activations that were flagged. Specifically a comparison of the short channels (5 and
10 mm) and long channels (20 to 30 mm) are shown.
Comparison of the long distances channels: 20 to 30 mm All of the eight
infants (100%) in the part B study compared to 45 out of 54 infants (∼83%) in the
part A study had analyzable channels (passing both heartbeat and motion rejection
criteria). At the activation level ∼64% in the part B study showed a comparable
percentage rate (∼69%) to that in the part A study.
Channel level comparison between study A and B
Part A Study Part B Study
number of channels % number of channels %
long
channels
(mm)
analyzable 546(922) 59 42(114) 37
(22,30) or
(20,21,28)
activations 166(546) 30 12(42) 29
short
channels
(mm)
analyzable 557(823) 68 16(26) 62
(10 or 5) activations 127(557) 23 3(16) 19
Table 6.6: Comparison of studies A and B showing the number of analyzable chan-
nels (and totals) and percentages and the subsequent activations that were flagged.
Specifically a comparison of the short channels (5 and 10 mm) and long channels
(20-30 mm) are shown.
Comparison of short distance channels: 10 and 5 mm Sixteen out of 26
channels (∼62%) in the part B study compared to 557 out of 823 channels (∼68%)
in the part A study were analyzable (passing both heartbeat and motion rejection
criteria). At the activation level three out of 16 channels (∼19%) in the part B study
compared to 127 out of 557 channels (∼23%) in the part A study had activations
flagged by the t-test (α=0.05).
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Comparison of the long distances channels: 20 to 30 mm Approximately
∼37% of channels in the part B study compared to ∼59% in the part A study
were analyzable. At the activation level both studies, A and B showed comparable
percentage of activations (∼29% and ∼30% respectively).
Validation: comparative studies
As one would expect, the long channel activation rates between each study (A and
B) showed comparable rates of activation at ∼69 and ∼63% at the infant level (table
6.5) and similarly at the channel level ∼30 and ∼29 % (table 6.6) respectively. Thus
as the part B (20, 21 and 28 mm) results were similar to that in the part A (22
and 30 mm) study, the comparison serves as a validation of the long channel part B
data.
In addition, a validation of the 5 mm part B activation data can be argued with
the channel-wise comparison of the part A and B studies (table 6.6), because both
have inherent large data sets. In study A, 557 analyzable channels representing
∼68% yields an activation rate of ∼23% (127), while study B by the same compar-
isons has ∼62% of analyzable channels yielding ∼19% activations.
6.4.3 Validation of stimulus correlated hemodynamics: con-
trol condition
As discussed a control probe (refer to figure 6.2) was placed on the forehead of each
subject and measurements taken simultaneously with the experimental probe. Of
the total of 112 control channels across separation distances, 10, 22 and 30 mm
there were 60 that were analyzable. Typically the control timecourses (about three
quarters) show the signature low amplitude hemodynamic fluctuations originating
from the heartbeat (less than (∼1 µM)) and are either flat or decreasing during the
stimulus time period and have motion artifacts of varying amplitudes (<∼2µM) as
shown in figure 6.4.
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Figure 6.4: Long channel (red) compared to a control channel (green). The long
and short channels have separation distances of 20 and 22 mm respectively.
Interestingly about a quarter of the (60) analyzable control channels have a
relatively higher amplitude fluctuation (∼2.5 to ∼5 µM) close to that of the stimulus
correlated rises (shown in following sections), however are not correlated with the
stimulus. Figures 6.5 A and B show an example of each of the control types, high
(∼2.5 to ∼5 µM) and low (∼0.5 to ∼2.0 µM) amplitude versions respectively. The
high amplitude timecourses were all taken from 10 mm channels and supports the
idea that most of the signal may originate from the cerebral layers of the head and
can be characterized as systemic hemodynamics.
Figure 6.5: Controls compared: (top plot A) A typical high (∼2.5 to ∼5 µM) am-
plitude control channel (10 mm) compared (bottom plot B) to a low (∼0.5 to ∼2.0
µM) amplitude control (22 mm). Note that the top plot has large amplitude fluctu-
ations reminiscent of long channel increases in ∆HbO2 however are not correlated
with the stimulus.
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According to our activation flagging test whereby the timecourses are subjected
to a one-sided t-test to detect a rise in ∆HbO2 during the stimulus period (between
the start and two seconds from the end), four of the control channels showed a sig-
nificant (less than α = 0.05) rise. However upon closer inspection of each timecourse
one can determine that these were false-positives in that the overall amplitude rises
are very small and are atypical. The timecourse in figure 6.5B shows one such exam-
ple of a timecourse that passed the t-test for activation, but clearly is not a stimulus
correlated activation.
The control channels did have motion not rejected by the motion rejection algo-
rithm due to settings that had been carefully selected (for channels with the same
separation distance) from work developed in chapter 5. In particular, the threshold
for detecting motion artifacts in 22 and 30 mm channels was empirically determined
and set at 2.0 µm for the probe placed over the visual cortex. However, the control
channels placed over the forehead have overall hemodynamic and artifactual ampli-
tudes much lower than the threshold, therefore these settings were essentially too
high for this data set and resulted in motion artifacts not being detected.
In general, these settings were based on the balance between rejecting motion
and allowing hemodynamic fluctuations for the experimental condition. Similarly,
when considering the heartbeat algorithm, the settings were based on a balance
between rejecting noise and allowing hemodynamics from the heartbeat. However
an extension of this research to a larger study is required to optimize the heartbeat
and motion settings for both experimental and control conditions.
It is important to note as calculated and explained in Appendix A (and by
Goodwin et al. [1]) that one can expect a certain number of false positives under
the assumption that all channels have independent noise. That is, for the 60 control
channels, there are 3 expected false positives (using α =0.05).
Part B Study
Experimental Control
(20, 21, 28 mm) (10, 22, 30 mm)
channels % channels %
analyzable channels 43 100 56 100
activations 11 26 0 0
Table 6.7: Comparison of Experimental and Control condition statistics based on the
analyzable channel criteria and activations flagged. The number and percentages of
analyzable channels and the subsequent activations that were flagged are calculated
using the established settings for the separation distances between 10 to 30 mm.
As the analyzable control channels were subjected to the same threshold settings
as the experimental condition, a comparison can be made between typical low and
high amplitudes channels as a group and the experimental channels, as summarized
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in table 6.7. Both these low and high amplitude channels as a group (56 out of
60 or ∼93%) showed no (0%) activations and each were confirmed visually. This
compares to 11 out of 43 analyzable channels or ∼26%) from the experimental
data set being flagged as activations with the same settings applied as shown (table
6.7). An additional comparison, shown above in table 6.6, three out of 16 (∼19%)
analyzable 5 mm channels from the experimental data set were flagged as activations.
So with greater confidence in the control itself comes confidence in the experimental
condition in that the activation data are valid.
6.4.4 Comparison of 5 mm regressors: Activating V Non-
activating
As summarized previously in the Regression Analysis section, table 6.2, the expected
signal degradation or improvement is dependent on whether the short or long channel
is activating or not. Additionally, logical predictions of whether one would expect a
change in the number of activating or non-activating long channels (failing or passing
the t-test), after regression with an activating or non-activating short channel, are
included in table 6.2.
long channels
activating non-activating
before after before after
short channels activating 0.0089 0.13 0.72 0.91
before-after comparison 0.036 0.0011
non-activating 0.013 0.018 0.57 0.53
before-after comparison 0.33 0.027
Table 6.8: Summary of average p-values of long channels (activating and non-
activating) before and after regression with short channels (activating and non-
activating). In addition, a paired t-test provides a comparison of the before and
after p-values.
The 5 mm short distance and the 20, 21 and 30 mm long distance channels
were segregated to activating and non-activating, as previously discussed in Data
Analysis, section 6.3.4. Table 6.8 compares the average p-values of long channels
(activating and non-activating) before and after regression with short channels (ac-
tivating and non-activating). It can be noted that utilizing the average p-value is
not the most robust method to analyze the data, however provides a broad sense of
the regression performance. Nonetheless, in addition a paired t-test provides an ex-
cellent comparison of the individual before and after p-values to determine whether
there is a significant difference between the groups for each of the activating and
non-activating long channels.
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Predictably, the average p-value (0.0089) of the activating long channel is in-
creased after regression (p=0.1344) with an activating short channel, thus implies
significant degradation. The average p-value of the non-activating long channel
(0.5565) is decreased after regression (p=0.5298) with a non-activating short chan-
nel, which implies signal improvement. The individual channels that contribute to
the average p-values before and after regression are shown in the scatterplot in figure
6.6. Specifically the individual p-values before and after regression are plotted for the
activating long channels with activating short channels and likewise non-activating
long channels regressed with non-activating short channels, figure 6.6.
Figure 6.6: Scatterplot of p-values compared before and after regression.
Comparison of the short channel regressor and the target long channel reveals
two main 5 mm channel types. The first short channel type is one that has a strong
correlation with the stimulus and similar shape to the long channel. The long
channel signal would either remain mostly unchanged visually (though an expected
predicted statistical decrease p-value) or a stimulus correlated alternated to the point
where some activations are not as obvious visually. At this junction one would argue
against the need for regression given the long channel are already showing activations
and therefore meaningful research conclusions can be made unaided.
The other type is the weak stimulus correlated signal that does not resemble the
(shape) of the long channel and has no shared features that can be fit and thus does
James R. Goodwin Chapter 6 103
Functional Near-Infrared Spectroscopy of the Adult and Infant Brain
not change the original signal after scaling and subtraction. Both of these short
channel types and the implications for regression are further discussed below.
Activating short channel regressors
Short channel strongly correlated with the long channel As mentioned,
the significance of the p-value data comparing before and after the regression with
the activating short channel with a paired t-test, was computed. The “before”
and “after” regression data groups represented by 0.0089 and 0.1344 respectively
showed they were significantly different (p-value of 0.0361). The p-values before
and after regression of the activating long channel with the activating short channel
are plotted in figure 6.6 and represented by red squares. Five of the 11 channels
(45%) that had passed the t-test (for activation) before regression failed the t-test
after regression, when an activating short channel regressor was used. One such
example is shown below 6.7 where the long channel is shown before (red) and after
(blue) regression with the short channel (black). The p-value of the target channel
before and after the regression was 0.0084 and 0.4837 respectively.
Figure 6.7: Long channel before (red) and after (blue) regression with an activating
short channel (black).
Short channel weakly correlated with the long channel The figure below
(6.8) shows a short channel (black) that is weakly correlated with the target channel
from which it will be subtracted (following multiplication with a scale factor). The
resultant regressed channel (blue) is only marginally changed from the original target
channel (red) as reflected in the p-values of 0.004351 and 0.005761 respectively.
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Figure 6.8: Short channel (black) weakly correlated with the long channel before
(red) and after (blue) regression (with the short channel).
Non-activating short channel regressors
The non-activating short channel regressors when compared to the target long chan-
nel does not appear to resemble the shape of the long channel and thus with minimal
shared features to fit, does not change the original signal significantly. The p-values
before and after regression of the non-activating long channel with the non-activating
short channel are plotted in figure 6.6 and represented by blue circles. The before and
after regression data groups represented by 0.5665 and 0.5298 respectively showed
they were significantly different (p-value of 0.0267). Seven of the 70 channels (10%)
that had failed the t-test (for activation) before regression passed the t-test after
regression, when a non-activating short channel regressor was used.
6.5 Discussion
10 mm data
This study (part A) applied the same criteria, to the long channels (22 and 30 mm)
as the short channels (10 mm) measured simultaneously, to determine the number
of analyzable channels and rate of stimulus correlated hemodynamics (activations).
It was revealed that for the 10 mm channels, activations were seen in ∼64% of
infants compared to approximately ∼69% for the long (standard target) channels
at 22 and 30 mm. This suggests that the 10 mm separation distance between the
source and detector is too long as photons are too deeply penetrating as they interact
with the cerebral cortex and thus yield activations. Thus subsequent subtraction
(with scaling factor) of this channel (with inherent activations) will likely degrade
the signal.
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5 mm data
The question of, What is the optimum length of the short channel, such that the cere-
bral penetration volume is minimized and (consequently) the percentage of superficial
tissue volume probed is maximized? It was conjectured that the 5 mm channels (the
minimum of the practical limits due to the fiber diameter) will be worthy of in-
vestigation by constructing a probe with a series of 5 mm short channels and long
(standard target) channels of 21, 22 and 28 mm channels.
The 5 mm data revealed that activations were flagged in 3 channels (table 6.5)
across 2 of the 5 infants (table 6.6). While lower than the comparable 10 mm
channels (study A) this was somewhat surprising (despite a small sample size).
Confidence in the part B study using comparative studies
The comparison of the part B study, specifically the long channel data with a large
robust data set (study A) can somewhat validate the results obtained. Specifically,
the data sets of study A and B have age groupings that are not significantly differ-
ent, with similar mean ages and overlapping age ranges. In addition, the stimulus
protocol and data processing was identical. As one would expect, the long channel
activation rates between each study (A and B) showed comparable rates of acti-
vation at the infant level and similarly at the channel level and thus serves as a
validation that indeed the 20, 21 and 28 mm activation data is meaningful.
Furthermore, confidence in the part B short and long channel activation data
stems from the criteria (heartbeat and at least 2 trials free of motion) established
to characterize a channel as analyzable. That is, an activation can only be detected
(flagged) from an analyzable channel. Specifically with regards to the 5 mm data,
there were 3 activations flagged from 16 analyzable channels that have been robustly
subjected to the above mentioned criteria. Thus we can be buoyed by the fact
that these activations stem from analyzable channels, affording a certain degree of
confidence in our data.
Validation using controls
The most important and direct validation built into this experiment was the design
and implementation of a control probe with channels taking simultaneous mea-
surements and placed specifically in a region of the head that would not elicit the
response like that from the visual cortex.
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Regression
A limitation of this study as mentioned was the sample size. A larger data set with
more analysis utilizing averaging of regressors and exploiting the proximity of shared
sources and detectors may show real potential for standard use.
Activating short channel Not all regressors are created equal! As 5 mm chan-
nels do show activations, avoiding these is recommended. Our results show a sig-
nificant degradation of the target (long) channel when regressing with a activating
short channels, as evidenced by the increase in the p-value.
Why do short channels show activations? This is a logical next question, which
may implicate the quiescent scalp. That is, deeper cerebral hemodynamics may be
dominating the overall signal (expanded upon below). Further studies could be set
up to address this question.
Non-activating short channel Though mild improvement was seen from the
regression of the target long channel with the non-activating short channel, generally
albeit with limited data, the regressions are not making a major difference in the
regressed channel compared to its original signal (before the regression).
As discussed this is due to the data not resembling each other. One explanation is
that in relative terms the confounding extracerebral hemodynamics from the infant’s
scalp are weaker than and/or not correlated to the long channel compared to that in
adults. Thus a stimulus correlated response in the cortex channel would overwhelm
any contributed signal originating from the superficial tissue. The consequence of
this “quiescent” scalp and subsequent subtraction of the short channel from the
long channel would therefore result in a negligible difference between the original
and regressed signal.
6.6 Conclusion
While 5 mm channels detect less stimulus correlated hemodynamics than 10 mm
channels, one still has to take into consideration that some of the 5 mm channels
could be sampling the cortex and the consequences for signal improvement when
applying regression can be compromised. Thus, judicious choices of the type of short
channel, whether it be a strongly or not so strongly activating, a shared source or
detector with or in close proximity to, the target channel ([4, 40]), are factors that
can be considered in order to improve the quality of the intended hemodynamic
signal that is cerebral in origin.
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Recommendations
It is recommended from this limited study that the short channel for infant regression
be as short as possible and is consistent from the compilation of evidence by Saager,
Goodwin and Brigadoi ([4, 7, 31]). A future redesign of the probe incorporating
very short separation distance channels of 2.5 mm would test the hypothesis of an
optimal separation distance and confirm similar separation distances as suggested
by Brigadoi and Cooper ([7]).
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Conclusion
7.1 Synopsis of Research
This research consisted of 3 major studies, utilizing functional near-infrared spec-
troscopy (fNIRS) of one adult and two infant cohorts. The major foci of this work
was to investigate, short channel regression in adults, optimal data methodologies
for acquiring data from infants and short channel regression in infants.
The following sections consist of a one page synopsis of each of the studies under-
taken in this research. Following this, Conclusions, Recommendations, and Future
Directions will complete this final chapter.
7.1.1 Short-channel functional near-infrared spectroscopy re-
gressions improve when source-detector separation is
reduced
Earlier work by Saager et al. [31] established that using a 5 mm short channel
improved the quality of the target channel signal by removing interfering hemody-
namics and increased the rate of activations that were detected. Given there is a
range of short channels used for regression, a next logical question would be, What is
the best separation distance for the short channel for regressing out interfering hemo-
dynamics? This question attempts to address the underpinning research problem,
Are channels at the larger extreme (13 mm) of separation distances that are poten-
tially used as a regressors, sensing too much cerebral activity during multichannel
fNIRS measurements?
The consequence of the short channel probing too deeply and thus sensing un-
desired cerebral activity, is that the longer target channel (consisting primarily of
cerebral signal), will be the degraded somewhat, as the amplitude of the contrast
will be reduced and there will be a concomitant decrease in the contrast to noise
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ratio.
The cohort consisted of nine healthy adults between the ages of 19 and 40 ( four
female). The timecourse data of each channel from a dense array of sources and
detectors was analyzed for whether a significant activation response to the stimulus
(flashing checkboard) was detected (activation flagged channels). Specifically, the
regression performance of the short channels were compared at the opposites ends
of the usable range (6 and 13 mm) and reported for the first time. That is, a given
long (target) channel was regressed against each of a 6 and 13 mm short channel.
The metrics used for the comparison of the resultant regressed channels was the
contrast to noise ratio (CNR).
The analysis investigated three facets of the data, firstly the comparison of the
metrics of the given target channel with no regression and with a 6 mm short channel
regressor. The results indicate the 6 mm channel regressor improved the CNR of
∼68% of the 467 channels analyzed. Secondly, the 6 mm and 13 mm short distance
regressor performance was compared, and similarly the 6 mm regressor improved the
CNR of ∼71% of target channels. The third facet of the analysis involved using a
global average of the 13 mm channels as the regressor. The global 13 mm regressions
were compared with the single 6 mm regressors. The probe was not designed with
evenly distributed 6 mm channels, thus a global average comparison with the 13
mm channels could not be performed. Nonetheless, the 13 mm global regression did
outperform the 6 mm regression.
Overall, the results confirm that regression (6 mm) versus no regression improves
the quality of the data. Importantly, it is recommended that the choice of short chan-
nel regressor be closer to 6 mm than the upper limit of 13 mm. As conjectured in our
initial hypotheses, the 13 mm channel compared to the 6 mm channel is likely more
sensitive to the cerebral activity, thus in part may explain why a shallow probing
6 mm channel limits the regression to mainly the interfering hemodynamics and an
improved quality of the channel data. This study was accepted for publication by
the journal Neurophotonics, in June 2014 [4].
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7.1.2 Methodology for high-yield acquisition of functional
near-infrared spectroscopy data from alert, upright in-
fants
Infants are more difficult to study than adults as they cannot be instructed to remain
still and can be prone to fussiness and inattentiveness which in turn compromises
optical contact and can proliferate the number of motion artifacts in the data. There
are further challenges to the researcher such as hair and improper fit of the cap.
The adult study provided invaluable lessons , further direction and insight into
the design and construction of the infant probe with a high density array of sources
and detectors. This critical information was applied to this second study which
identified and optimized the factors that affect the quality of functional near-infrared
spectroscopy (fNIRS) data from individual 6 to 9 month old infants exposed to a
visual stimulation paradigm. The number of infants studied was 54 (26 female)
with an average age of 6.8 months. Firstly, the infant probe designed for larger area
tomographic studies was reduced from 39 optical fibers to 14 optical fibers to reduce
inertia, increase comfort, and improve conformity to the head, while preserving
fiber density to avoid missing the visual cortex activation. Secondly, the visual-
stimulation protocol was modified to keep the attention of the infants throughout
the measurement, thus helping to reduce motion artifacts. In particular, the visual
stimulation paradigm was a standard block design with alternating visual stimulus
and rest periods. The visual stimulus, a radial flashing checkerboard was modified
with an additional looming face in the center the hold to infant’s attention. The
rest period consisted of 7 seconds of dim fireworks followed by a looming faces (with
variable time) which was controlled by the experimenter in real time, dependent on
the whether the infant needed more or less time to refocus attention. The accuracy
in probe placement on scalp landmarks (1 to 2 cm above the inion) was a critical
factor as well, to ensure the probe corresponded with the visual cortex.
Lastly, adequate optical contact was verified by checking that the power levels
were sufficient before each measurement. Satisfactory optical coupling between each
of the source and detector and the surface of the scalp, manifests in heartbeat
amplitude in the data. The heartbeat signal in the data can be thought of as an
“internal standard” and it follows that if heartbeat is present as a result of good
optical contact then an activation if present, should be detectable.
With all of these factors in place the data was analyzed based on the acceptance
criteria of heartbeat (as mentioned the signature of optical contact) and motion
artifacts (at least 2 trials not affected per timecourse). Channels that passed the
criteria were designated “analyzable”. This usable hemodynamic data or analyzable
channels were obtained from 83% of infants. The analyzable channels were then sub-
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jected to a t-test to determine whether there was significant rise in oxyhemoglobin.
Approximately
2
3
of infants showed a statistically significant fNIRS response. This
study was accepted to the journal Neurophotonics, in July 2016 [1].
7.1.3 In practice, how short is short? Recommendations
for short channel separation distances for signal re-
gression in functional near-infrared spectroscopy of
infants
The principles and benchmarks established in the prior two studies were imple-
mented in this final study of infants. The questions asked were centered around the
ideal source-detector separation (SDS) of the short channel for use in regression of
the target channel. This study essentially involved a small infant cohort of eight
(four females) with an average age of 6.4 months, utilizing 5 mm short channels and
a comparison with 10 mm short channel data from the previous study in chapter
5. The major validation of the data stems from control channels designed into the
probe to capture simultaneous measurements from a non-visually activating region
of the cortex (corresponding to the forehead).
The previous study of infants (chapter 5) showed activations occurring with the
10 mm channel at a similar rate to the longer target channels (22 and 30 mm). The
chapter 4 study showed, even with adults with thicker skulls and scalps, the 6 mm
channel is a better choice than 13 mm as a potential regressor. Finally Brigadoi
and Cooper [7] suggested 2.15 mm is the optimal SDS albeit for newborn infants.
Weighing up the evidence and the experience thus far, a probe was designed and
constructed to accommodate eight 5 mm short channels to investigate the regression
performance as measured by any difference p-value and the number of activation
flagged channels (as determined by the t-test and previously used in chapter 4).
All of the channels (long (20, 21 and 28 mm) and short (5 mm) channels were
analyzed with the application of the same criteria of heartbeat and motion-artifact
detection as in chapter 5 and compared to the data from this larger infant study.
The long target channels expectedly showed similar activation rates (to the previous
chapter 5 study) at both the channel and infant level. Comparing the 5 mm short
channel activation rates with the 10 mm data from the previous study revealed some
interesting results, with the 5 mm data showing activations at 40% versus ∼64%
for the 10 mm channels at the infant level. At the channel level the 5 mm channels
revealed ∼19% activations compared to ∼23% for the 10 mm channels. Validation
of the 5 mm data is established from control channel data simultaneously acquired
during the experimental measurements. Further validation can be argued on several
fronts, firstly from the comparison with the large robust data set from chapter 5
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(study A) which has protocols and data analysis criteria and that precedents have
been established whereby activations can only be present from an analyzable channel
(necessary and sufficient conditions).
The 5 mm channels were segregated to activating and non-activating. A compar-
ison of the regression performance was made for each activating and non-activating
short channel with a given target channel. The results reveal significant (p = 0.0361)
degradation of the long channel with an activating short channel and significant (p
= 0.0267) improvement with the non-activating short channel.
Though the 5 mm channels detect less activations, some 5 mm channels produce
a cerebral response. It is recommended that the regression channel be as short as
practicable with consideration of the the physical limits of the optical fiber diameters
currently in use. Careful choices of the type of short channel to be used for regression
is important. Factors to consider are whether or not the short channel is activating
and if it is sharing the source with, or in close proximity to, the target channel.
Why might short channels show activations? This is a logical next question,
which may implicate the quiescent scalp. That is, deeper cerebral hemodynamics
may be dominating the overall signal. Further studies could be set up to address
this question.
7.2 Conclusions
We have established in adults that regression (6 mm versus no regression) improves
the quality of the data. Importantly, it is recommended that the choice of short
channel regressor be closer to 6 mm than the upper limit of 13 mm. As conjectured
in our initial hypotheses, the 13 mm channel compared to the 6 mm channel is likely
more sensitive to the cerebral activity, thus in part may explain why a shallow prob-
ing 6 mm channel limits the regression to mainly the interferring hemodynamics and
an improved quality of the channel data. This study was accepted for publication
by the journal Neurophotonics, in June 2014 [4].
In infants, we have established that although the 5 mm channel detects less ac-
tivations than the 10 mm channel, some 5 mm channels still produce a cerebral
response. Is this due to a “quiescent” scalp, (a scalp with minimal hemodynamic ac-
tivity)? That is, does the deeper cerebral hemodynamics dominate the overall signal?
If the answer to these questions is “yes”, then does this explain the short channel typ-
ically not resembling the longer target channel and therefore having minimal impact
after regression? Further studies are needed to address such questions.
These research results (and including those from the adult study) answer our
initial research questions based on whether channels with larger separation distance
that are potentially used as regressors, are sensing too much cerebral activity dur-
James R. Goodwin Chapter 7 113
Functional Near-Infrared Spectroscopy of the Adult and Infant Brain
ing multichannel fNIRS measurements. The implications of the regressor channel
probing too deeply and thus sensing not only scalp and superficial layers but sensing
undesired cerebral activity were confirmed, in that the longer target channel consist-
ing primarily of cerebral signal, was degraded somewhat. Further analysis however,
reveals that “not all short channels are created equal”, that is activating short chan-
nels degrade the signal in contrast to the non-activating short channels which tend
to have minimal effect on the signal. However not all factors such as averaging the
regressors or sharing sources with the target channel, have been considered. Thus
a larger further study addressing these questions is necessary, however at this point
at least discernment of the type of short channel, whether it is activating or not, is
important for the potential of achieving signal improvement.
7.2.1 Recommendations
The 5 mm short channels do not appear to be short enough for all infants tested.
Overall, it is recommended that the regression channel be as short as practicable
with consideration of the physical limits of the optical fiber diameters currently
in use. Careful choices of the type of short channel to be used for regression is
important. Factors to consider other than activation are whether the short channel
is sharing the source with, or in close proximity to, the target channel.
Once acquired, improving data quality from adults and infants alike, was a major
aspect of the research that was focused on. However, as a priority especially in
the case of infants, maintaining a high rate of quality for as many simultaneously
acquired channels as possible begins with optimized methodologies, before the data
is acquired. Thus our recommendations that result in most channels (∼ 83%) being
analyzable and consequential detectable activations (∼ 69%) are a probe that is
lightweight with a minimal number of fibers while maintaining density to ensure
coverage of the region of interest. In addition, an engaging stimulus protocol, both
at the experimental and rest time periods to keep the infants attention and optical
contact as monitored by heartbeat are key parameters to optimize to ensure good
initial data and of course that can be enhanced further with regression.
7.2.2 Future Directions
Despite promising data and conclusions, the study in chapter 6 was limited by a
small sample size (8 infants). Continuation of this existing study in chapter 6,
utilizing the 5 mm short distance channel with more subjects is a worthwhile future
study to establish confidence in the results.
As suggested in chapter 6, it is recommended that the short channel for infant
regression be as short as possible and is consistent from the compilation of evidence
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by Saager, Goodwin and Brigadoi ([4, 7, 31]). However, in practical terms this
means approximately 4 to 5 mm due to physical limitations (diameter of the fibers)
and being the most commonly used fiber diameters at present.
Figure 7.1: An improved version of the probe with built in very short 2.5 mm, short
5 and 10 mm and target 25-30 mm channels.
A future redesign of the probe incorporating very short separation distance chan-
nels of 2.5 mm as this is towards that suggested by Brigadoi and Cooper ([7]), the 5
mm and 10 mm short channels and target channels of 25-30 mm is suggested and is
shown in the figure 7.1. This design spans the useful range of channels for research
work with infants (and adults) and with great potential to uncover novel regressions
techniques.
The facets of the study already established, before and after data acquisition can
be leveraged for future infant and neonate studies. In particular, firstly adhering to
the optimal conditions such that maximizes the number of analyzable channels and
provides the best chance to detect activations (if present) and secondly the further
enhancement of the time-course signal by regression, can be applied to future studies
of neonates. The brain activity of infants that have spent time in the neonatal inten-
sive care unit have not been studied extensively by fNIRS. The pertinent research
question is, Is there a difference in the hemodynamics of certain functional brain
regions between infants that were full-term and those who spent time in the neonatal
intensive care unit (NICU)? Such a study of babies of equivalent gestational age
would compare a full-term infant cohort with a cohort born prematurely and who
spent time in the neonatal intensive care unit. The major variables from the prior
study of infants should be addressed by this point. The research question is one
that is of significance to infant development, in that neonates are at increased risk
of neurodevelopmental delay and hence the possibility of ongoing lifespan concerns.
A relatively simple non-invasive fNIRS test may provide early evidence of such delay
and therefore intervention strategies can be employed.
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Appendix A
Estimation of the false positive
rate (chapter 5)
Infants were flagged as activators if at least one fNIRS channel passed the t-test
described in section 5.3.3 in chapter 5. For some infants, only one channel passed;
for others, many channels passed. Analysis was performed to estimate how many
infants would have been flagged in this fashion due to noise alone. In other words,
the false-positive rate due to multiple comparisons was estimated.
To start with, 11 infants had exactly one channel (n=1) flagged. These 11
infants had a total of 97 analyzable channels (those that have passed both the
heartbeat and motion artifact criteria) and as such considered for the t-test. Under
the approximation that all channels had independent noise, the expected number
of false positives (using p=0.05) is 5. In the most pessimistic scenario in which all
five of these channels are from different infants, then five infants would be falsely
flagged.
We repeated this analysis for the group of infants that had n=2 channels flagged,
then n=3, and so on. For the n=3 cohort, 4 false positives were predicted; if those
happened to cluster, they could account for one infant being falsely flagged three
times. No other cohort with n>1 showed a statistical likelihood of having an infant
with that many falsely flagged channels. Hence the total number of false-positive
babies from this analysis is six: five from n=1 and one from n=3.
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